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Inhibition of the Alanine-«-Oxoglutaric Acid Transaminase 
of Pig¢-Heart Muscle by Cyclic Hydrazides 


By R. MARIAN HICKS 


Biochemistry Department, University College London 


AND J. CYMERMAN-CRAIG* 
Dyson Perrins Laboratory, University of Oxford 


(Received 19 February 1957) 


isoNicotinie acid hydrazide (isoniazid) has anti- 
tuberculous activity both in vivo and in vitro (Fox, 
1951). In man its principal toxic effect, peripheral 
neuritis (Biehl & Vilter, 1954; Oestreicher, Dressler 
& Middlebrook, 1954), can be prevented by the 
concurrent administration of vitamin B, (pyrid- 
oxine) (Biehl & Vilter, 1954; Biehl & Nimitz, 
1954). It is of interest to discover whether the 
specific anti-mycobacterial activity of isoniazid is 
related to its anti-vitamin B, action. 

Inhibition by isoniazid of the growth of a number 
of bacterial cultures has been demonstrated 
(Yoneda & Asano, 1953; Lichstein, 1955) as well as 
inhibition of pyridoxal phosphate-dependent de- 
carboxylases (Davison, 1956; Hoare, 1956), and of 
transaminases from Mycobacterium tuberculosis var. 
avium (Ito & Sugano, 1954) and the Bacille Calmette 
Guérin strain (B.C.G.) of tubercle bacilli (Sakai, 
1954); reversal of this inhibition was reported by 
most of these authors. These observations, together 
with the similarity in the chemical structure of 
isoniazid and pyridoxal, suggest that isoniazid may 
compete with vitamin B, in enzyme systems such as 
decarboxylases and transaminases which are 
dependent on this co-factor. This hypothesis is 
supported by the high antituberculous activity of 
2-methylisoniazid, which closely resembles pyrid- 
oxal phosphate in structure, in contrast to the 
markedly lower efficiency of the 2-ethyl analogue, 
and the inactivity of the higher 2-alkyl compounds 
as well as of 3-methyl- and 2:5-dimethyl-isoniazid 
(Isler et al. 1955). 

Evidence for the reversal by vitamin B, of the 
antituberculous activity of isoniazid in vitro is 
conflicting. Pope (1956) found that pyridoxal and 
pyridoxamine caused reversal of the antituber- 
culous activity, but Oecestreicher et al. (1954) 
obtained reversal only with pyridoxal. Boone & 
Woodward (1953) and Ungar, Tomich, Parkin & 
Muggleton (1954) failed to detect reversal by either 
compound. Failure to obtain reversal of the anti- 
tuberculous activity in vivo by concurrent admin- 

* Present address: Chemistry Department, University of 
Sydney, New South Wales, Australia. 
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istration of vitamin B, in mice and guinea pigs has 
also been reported (Ungar et al. 1954; Grunberg & 
Blencowe, 1955; Wasz-Hockert, McCune & Tomp- 
sett, 1956; Brun, Cayré & Viallier, 1954). 

As an alternative to the theory that isoniazid 
acts as a competitor to vitamin B, Vilter, Biehl, 
Mueller & Friedman (1954) suggested that inhibition 
of vitamin B,-dependent enzymes is due to the 
formation of a pyridoxal zsonicotinoylhydrazone, by 
interaction between the aldehyde group of pyrid- 
oxal and the hydrazide radical of isoniazid, but 
they did not isolate this compound. Pyridoxal 
isonicotinoylhydrazone was subsequently prepared 
by Sah (1954), who reported that it inhibited the 
growth of tubercle bacilli both in vivo and in vitro. 

Evidence bearing upon one or other hypothesis 
should be given by a study of the effect of a group of 
cyclic hydrazides and related compounds on a 
pyridoxal-dependent enzyme such as transaminase. 
The isoniazid—vitamin B, antagonism may be due 
either to a 4-substituted pyridine structure, in 
which case only isoniazid would be inhibitory, or to 
Schiff’s-base formation, when all hydrazides would 
be effective. Investigation of the effect of five 
hydrazides on the alanine—«-oxoglutaric acid 
transaminase of pig heart showed that this enzyme 
system was affected equally by all the five sub- 
stances used, a result in favour of Schiff’s-base 
formation. As only one of these hydrazides has 
antituberculous properties there appears to be no 
correlation between the antituberculous and the 
anti-vitamin B, activities of isoniazid. 


MATERIALS AND METHODS 


The following hydrazides and related compounds were of 
analytical purity: isonicotinic acid hydrazide, m.p. 169-5- 
170-5°, nicotinic acid hydrazide, m.p. 160-5-161-5°, pico- 
linic acid hydrazide, m.p. 100°, benzoic acid hydrazide, 
m.p. 112-113°, isonicotinamide, m.p. 155-156°, nicotin- 
amide, m.p. 128-129°, benzamide, m.p. 126-128°, iso- 
nicotinic acid hydrazide methiodide, m.p. 212-213° 
(decomp.). L-Alanine, 4-deoxypyridoxine hydrochloride and 
phosphate, pyridoxal ethyl acetal hydrochloride and pyrid- 
oxal 5-phosphate were supplied by Roche Products Ltd. 
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Pyridoxal was prepared from pyridoxal ethyl acetal 
hydrochloride by hydrolysis with 0-2n-NaOH. «-Oxo- 
glutaric acid was obtained from L. Light and Co. Ltd. 
Buffer solutions were prepared from appropriate mixtures of 
0-067 M-Na,HPO,,12H,O and KH,PQ,. 

Enzyme preparation. The preparation from chilled pig 
hearts obtained from the slaughterhouse was carried out at 
4°. Minced heart muscle (300 g.) was homogenized for 
2 min. in 900 ml. of 0-03m-phosphate buffer, pH 7-2, and the 
homogenate was centrifuged at 400g for 5-10 min. The 
supernatant and gelatinous clot of mitochondria were 
decanted from the residue of cell debris and adjusted to 
pH 5-4 with 10% (v/v) acetic acid and recentrifuged for 
20 min. at 1000 g. The sediment containing the transamin- 
ase was dissolved in 150 ml. of 0-067M-phosphate buffer, 
pH 7-4, and frozen solid in batches of about 25 ml. Im- 
mediately before use a batch of the suspension was thawed 
and homogenized for 2 min., any unused material being 
discarded. 

Determination of transaminase activity. The enzyme sus- 
pension was incubated with L-alanine, «-oxoglutaric acid 
and inhibitors; the amount of glutamic acid produced was 
estimated by decarboxylation with Clostridium welchii by 
the method of Gale (1945). In order to produce a consistent 
degree of inhibition it was necessary (see below) to pre- 
incubate the extract with the inhibitor. Enyzme suspension 
(6 ml.) was pre-incubated for 30 min. at 37° with 6 w'. of 
0-067M-phosphate buffer containing the required concen- 
tration of inhibitor. At the end of this time 3 ml. each of 
0-1 m-solutions of L-alanine and «-oxoglutaric acid in phos- 
phate buffer were added. After 10 min. two 3 ml. samples 
were transferred to centrifuge tubes, which were plunged 
into boiling water for 5 min. to precipitate protein which 
was then removed by centrifuging. A portion (1 ml.) of the 
supernatant was added to 2 ml. of 0-1m-acetate buffer, 
pH 4-4, in the main compartment of a Warburg flask and 
the pH was brought back to 4-4 by the addition of 2 or 3 
drops of 2N-acetic acid. The bacterial suspension (0-5 ml.) 
(see below) was placed in the side arm of the flask and, after 
equilibration at 37°, tipped into the main compartment. 
Incubation was continued until no further CO, was evolved. 

Preliminary experiments showed (Table 1) that isoniazid 
did not affect the estimation of glutamic acid by this method, 
although the decarboxylase of C. welchii is known to be 
catalysed by pyridoxal. Incubation of the bacterial suspen- 
sion with 0-133M-isoniazid before addition of glutamic acid 
also had no effect on subsequent decarboxylation (Table 1). 

The bacterial suspension was prepared from stock 
cultures of C. welchii, strain S.R. 12, N.C.T.C. 6784, main- 
tained on Robertson’s cooked meat medium as supplied by 
the Wellcome Research Laboratories, Langley Court, 
Beckenham, Kent. The C. welchii was grown for 16 hr. at 
37° in 21. of Lemco broth containing 2% of glucose and 
harvested by centrifuging. The cells were washed once in 
water and resuspended in 50 ml. of 0-1M-acetate buffer, 
pH 4-4. 

The activity of the transaminase is expressed in terms of 
glutamic acid as ymoles formed in 18 ml. of incubation 
mixture in 10 min. Experiment showed that the rate of 
production of glutamic acid was linear over this period. 
Hydrazide inhibition is expressed as the percentage de- 
pression of transaminase activity compared with that of 
a control. The results shown in the tables are the mean of 
two or more experiments. 


RESULTS 


Transaminase activity was depressed by addition of 
isoniazid, but consistent results were not obtained 
unless the enzyme was pre-incubated with the 
inhibitor before addition of the substrates. This pre- 
incubation diminished the activity of the enzyme 
even in the absence of inhibitors; the optimum time 
for consistent inhibition without too great a loss of 
enzyme activity was 30 min. (Table 2). 


Table 1. Effect of addition of isoniazid on glutamic 
acid decarboxylation by Clostridium welchii 


For experimental details see text. The theoretical yield 
from 5 moles of glutamic acid is 112 yl. of CO,. 


Conen. of CO, 
isoniazid in flask evolved 

(m) (ul.) 
0 124 
1-33 x 10-2 126 
1-33 x 10-? 124 
1-33 x 10-3 125 

Bacterial suspension pre-incubated with isoniazid for 1 hr. 

0 110 
1-33 x 10-1 109 





Table 2. Effect on transaminase activity of pre- 
incubation of the enzyme extract with and without 
3°3 x 10-?M-isoniazid 


For experimental details see text. 


Glutamic acid 
production when 
extract pre- 
incubated without 


Percentage 
depression of 





Time of isoniazid glutamic acid 
pre-incubation (moles/10 min./ production by 
(min.) 18 ml.) isoniazid 
0 5°61 Variable (10-40) 
15 5-23 40 
30 5-06 55 
45 4-70 50 
60 4-83 55 
¢ )- CO-NH-NH, N N 
(I) . 
(1) CO-NH-NH, (CO-NH-NH, 
(IIT) 
( \—co.sn-ns, E —N —connit-xi f° 
(IV) (V) 
CH,+0-PO(OH), QOH (CH; 
N CHO N — 00-NH:-N:CH — N 
Y ‘H,-OH 
CH, OH (VID CH, 
(VI) 
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Table 3. Inhibition of transaminase activity by hydrazides 
For experimental details see text. 
Percentage inhibition of glutamic acid production by 
A 
c ™y 
isoNicotinic 
Conen. of inhibitor isoNicotinic Nicotinic Picolinic acid hydrazide 
(m) acid hydrazide acid hydrazide Benzohydrazide acid hydrazide methiodide 
(a) Incubation with 6 ml. of enzyme extract 
3-3 x 10-3 20 12 20 20 10 
3-3 x 10-7 60 58 77 40 45 
3-3 x 10-4 90 90 92 90 72 
(6) Incubation with 2 ml. of enzyme extract 
3-3 x 10-% 18 33 22 13 _— 
3-3 x 10-7 65 62 73 50 —_ 


Table 4. Inhibition of transaminase activity by pyridoxal derivatives and antimetabolites 


For experimental details see text. With the exception of 4-deoxypyridoxine and 4-deoxypyridoxine phosphate these 


experiments were carried out at pH 8. 


Percentage inhibition of glutamic acid production by 
A 





‘ 
Conen. of 4-Deoxy- Pyridoxal + Pyridoxal 
inhibitor 4-Deoxy- pyridoxine 3:3x10-?m- isonicotinoyl- isoNicotinic 
(M) pyridoxine phosphate Pyridoxal isoniazid hydrazone acid hydrazide 
3-3 x 10-8 5 10 0 52 0 10 
3°3 x 10-2 25 15 35 58 35 55 
3-3 x 10-1 85 90 15 90 (63)* 90 


* Saturated solution of the hydrazine, concentration less than 0-33M. 


The inhibitory action of various concentrations 
of the hydrazides of isonicotinic acid (I), nicotinic 
acid (II), picolinic acid (ITI) and benzoic acid (IV) 
and of isonicotinie acid hydrazide methiodide (V) is 
shown in Table 3. All were equally effective and 
gave approximately 50 % inhibition at a concentra- 
tion of 3-3 x 10-?M. 

The rather high concentration of inhibitor 
required to obtain approximately 50% inhibition 
of the transaminase suggested that the effective 
concentration of hydrazide in the incubation 
mixture might be reduced by interaction with free 
pyridoxal present in the crude extract. In that 
event a reduction in the volume of extract used 
should result in greater inhibition of the enzyme 
with the same amount of inhibitor. However, 
comparison of the inhibitory action of the hydr- 
azides, by using only 2 ml. of the enzyme preparation 
made up to 6 ml. with phosphate buffer, showed no 
significant change in the percentage inhibition of 
initial rate of reaction (Table 3). 

Pre-incubation of three of the corresponding 
amides—isonicotinamide, nicotinamide and benz- 
amide—with the extract caused no inhibition of 
the transaminase with a final concentration of 
3-3 x 10-2m of these substances, thus emphasizing 
that the -CO-NH+NH, radical was essential for 
inhibition. 


If inhibition of the transaminase by isoniazid 
involves competition or reaction with the coenzyme 
pyridoxal phosphate (VI), excess of pyridoxal 
phosphate might be expected to reverse the inhibi- 
tion. Unfortunately it was not practicable to 
demonstrate the reversal of inhibition by isoniazid 
in the crude enzyme extract used because, at the 
high concentrations of pyridoxal phosphate re- 
quired to exceed that of the isoniazid, an unidenti- 
fied compound was produced which on incubation 
with C. welchii caused an uptake of gas, masking the 
production of carbon dioxide from glutamic acid. 
This effect was not investigated further. Addition 
of pyridoxal and the pyridoxal phosphate anti- 
metabolites 4-deoxypyridoxine and 4-deoxypyrid- 
oxine phosphate all produced inhibition (Table 4). 
Addition of isoniazid, together with pyridoxal, 
produced greater inhibition than pyridoxal alone, 
while the preformed Schiff’s base, pyridoxal iso- 
nicotinoylhydrazone (VII), produced no more in- 
hibition than pyridoxal alone (Table 4). Because of 
the insolubility of the Schiff’s bases in neutral 
solution, these experiments had to be carried out at 
pH 8. At this pH isoniazid inhibition was the same 
as at pH 7-4, the activity of the enzyme was only 
slightly reduced and all compounds were soluble 
except for pyridoxal isonicotinoylhydrazone at a 
concentration of 0-33. 


23-2 











DISCUSSION 


The results of these experiments demonstrate that 
the five hydrazides tested inhibit the alanine— 
«-oxoglutaric acid transaminase of pig-heart 
muscle to about the same extent. Only isoniazid 
has therapeutic value as an antituberculous agent; 
conversion of the ring nitrogen into the quaternary 
form (e.g. V), or its replacement by carbon (e.g. IV), 
destroys antituberculous activity, while a change in 
the position of the hydrazide radical either abolishes 
activity completely (e.g. II) or reduces it to one- 
hundredth (e.g. III) (Albert, 1956; McMillan, 
Leonard, Meltzer & King, 1953). There is thus no 
apparent correlation between antituberculous and 
antitransaminase activity in these compounds, but 
these experiments do not finally exclude this 
possibility since the bacterial cell may exhibit 
selective permeability towards different hydrazides. 
The bacteriostatic power of these compounds might 
then be a reflexion of their degree of penetration into 
the cell. 

It is of interest to consider the possible mech- 
anisms by which isoniazid and the other hydrazides 
may effect inhibition of the transaminase reaction. 
The concentration of hydrazide required to produce 
50 % inhibition is twice that of «-oxoglutaric acid, 
and it might seem on first consideration that the 
hydrazide was forming a complex with the keto 
acid and causing inhibition by removal of a sub- 
strate. However, the necessity for pre-incubating 
the enzyme with the hydrazide to obtain inhibition 
excludes this possibility. A more plausible assump- 
tion is that the inhibition is effected in some way 
through the coenzyme, pyridoxal phosphate. There 
are then two main ways in which inhibition may be 
brought about: competition of the hydrazide with 
pyridoxal phosphate for the enzyme protein, or 
modification of the coenzyme in such a way that it is 
no longer capable of catalysing transamination. 
From these results it is unlikely that the hydrazides 
compete directly with pyridoxal phosphate for the 
enzyme. If this were so, it would be expected that 
isoniazid, the only hydrazide tested with a 4- 
substituted pyridine structure, would alone be 
inhibitory or at least be more effective than the 
others. In fact all five were equally potent as 
inhibitors and more effective in low concentration 
than the competitive inhibitors, deoxypyridoxine, 
deoxypyridoxine phosphate and pyridoxal. It 
seems probable, then, that hydrazides act by modi- 
fying the coenzyme in such a way that it is no 
longer capable of combining with the substrate, e.g. 
by formation of a Schiff’s base as suggested by 
Davison (1956) to account for inhibition by 
hydrazide of the cysteine sulphinic acid decarb- 
oxylase of the liver. This theory is supported 
by the necessity of the hydrazide radical for 
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inhibition of transamination (cf. the inactivity 
of the corresponding amides) and the reports of 
inhibition of other pyridoxal phosphate-dependent 
enzyme systems by hydrazide compounds (Gale, 
1946). 

The question then arises whether inhibition is 
caused by combination of the hydrazide with 
enzyme-bound pyridoxal phosphate, or by reaction 
with any free pyridoxal phosphate in solution, to 
form a Schiff’s base which might compete for the 
enzyme site. The latter is unlikely since pyridoxal 
dsonicotinoylhydrazone is a less effective inhibitor 
than isoniazid in the same concentration and at the 
same pH (Table 4). The degree of inhibition of 
pyridoxal-dependent enzyme systems by hydr- 
azides appears to be related to the strength of the 
pyridoxal phosphate-enzyme association. The 
inhibition of bacterial decarboxylases by semi- 
carbazide and hydrazine was reported by Gale 
(1946) to be much greater in those systems where the 
co-factor was easily separated from the enzyme 
than in those in which it was tightly bound. The 
concentration of hydrazide (3-3 x 10-?m) required 
to obtain 50 % inhibition in this work, as compared 
with that (3 x 10-*m) required for 50% inhibition 
of the decarboxylase studied by Davison (1956), is 
in agreement with the idea that the coenzyme- 
enzyme association in transaminases is particularly 
strong (Meister, 1955). 

Thus hydrazides may act as inhibitors of trans- 
aminases and other pyridoxal phosphate-dependent 
enzyme systems by combination with the aldehyde 
group of the pyridoxal phosphate, provoking dis- 
sociation of the coenzyme from the enzyme. The 
variation in effective concentration of hydrazides 
necessary to produce inhibition of different enzyme 
systems may be explained by the known variations 
in strength of the pyridoxal phosphate—enzyme 
association with different enzyme proteins. 


SUMMARY 


1. The effect of itsonicotinic acid hydrazide, 
nicotinic acid hydrazide, picolinic acid hydrazide, 
benzohydrazide and isonicotinic acid hydrazide 
methiodide on the alanine—x-oxoglutaric acid 
transaminase of a pig-heart-muscle extract was 
studied. All were found to produce approximately 
50% inhibition of glutamic acid production at a 
concentration of 3-3 x 10-2. 

2. The corresponding amides were without 
effect on the transaminase. 

3. The mechanism of hydrazide inhibition is 
discussed on the basis of these findings. 

4. Of the five hydrazides tested only isonicotinic 
acid hydrazide is of therapeutic value as an anti- 
tuberculous drug. It is concluded that there is no 
correlation between the antituberculous and anti- 
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vitamin B, activities of these hydrazides, unless the 
bacterial cell is selectively permeable to isoniazid 
alone. 


We wish to thank Dr M. Kerly and Dr E. M. Crook for 
their interest and advice, and Roche Products Ltd. for 
kindly supplying a number of vitamin B, derivatives. One of 
us (J.C.C.) is indebted to Professor E. R. H. Jones, F.R.S., 
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The Blocking Activity of Sympathomimetic Amines 
on Adrenaline Hyperglycaemia 


By ADRIENNE GOURJU anp A. LAWSON 
Royal Free Hospital School of Medicine, Hunter Street, London, W.C. 1 


(Received 11 April 1957) 


Previous workers have found that while a di- or 
mono-hydroxybenzene ring must be present for a 
sympathomimetic amine to have hyperglycaemic 
activity, the analogous deoxy compound can still 
affect the blood pressure. In view of this, the 
effect on the hyperglycaemic and blood-pressure- 
raising activities of replacing the catechol or 
benzene ring of sympathomimetic amines by a 
pyridine ring was studied. 

Ellis (1951) suggested that in amines with hyper- 
glycaemic activity the side chain is responsible for 
the attachment to the enzyme complex concerned 
in adrenaline hyperglycaemia, whereas the catechol 
nucleus is the active grouping in the production of 
hyperglycaemia. Thus, on this hypothesis, it may be 
possible for a compound having a side chain similar 
to that of adrenaline to attach itself, and, while 
exerting no hyperglycaemic effect owing to the lack 
of the appropriate aromatic structure, block the 
hyperglycaemic effect of adrenaline administered 
subsequently. In agreement with this hypothesis 
Ellis found that ephedrine did, in fact, largely 


inhibit the adrenaline effect in rats, and this was 
confirmed for rabbits by Komrad & Loew (1951). 

Some information on how far this ephedrine- 
blocking effect is dependent on an N-methylated 
hydroxyisopropylamine side chain attached to a 
benzene nucleus has now been obtained by using 
norephedrine and its pyridine analogue and the 
pyridine analogue of «-aminopropiophenone. Syn- 
thetic methods for preparing these two pyridine 
analogues, namely 3-(2-amino-1-hydroxypropy]l)- 
pyridine (IV) and 3-(2-amino-1-oxopropyl)pyridine 
(II) respectively, have been developed. 

The 3-(2-amino-l-oxopropyl)pyridine was pre- 
pared by the action of nicotinic anhydride on «- 
benzamidopropionic acid, according to Dakin & 
West (1928), followed by a hydrolysis of the benz- 
amido group. In order to obtain the corresponding 
hydroxypropyl derivative, which was prepared by 
catalytic reduction of the ketone, it was necessary 
first to reduce the benzamido derivative and then 
hydrolyse, since hydrogenation of the free amine 
could not be achieved without simultaneous 
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reduction of the pyridine ring. The corresponding 
ketone from zsonicotinic anhydride could not be 
obtained, as hydrolytic removal of the benzoyl 
group was accompanied by deamination. 

In an attempt to account for the relatively low 
yields in the Dakin & West reaction the effect of 
heating the intermediate oxazolone from benzamido- 
propionic acid alone in the presence of the basic 
catalyst was determined. This led to the isolation of 
a substance C,,H,,0,N,, presumably 3-benzamido- 
1 - benzoy] - 2:4 -dioxo -3:5-dimethylpyrrolidine (cf. 
Lawson, 1956). 


EXPERIMENTAL 


Synthetic methods 


3-(2-Benzamido-1-oxopropyl)pyridine (I). Nicotinic an- 
hydride (23g., 0-1mole) prepared by the method of 
Schrecker & Maury (1954) was mixed intimately with «- 
benzamidopropionic acid (7-7 g., 0-04 mole) and anhydrous 
3-methylpyridine (17-4 ml., 0-18 mole) was added. The 
mixture was heated under nitrogen at 90° with occasional 
shaking until carbon dioxide evolution had ceased (about 
4-5 hr.). The bulk of the picoline was removed by distillation 
under reduced pressure and the residue refluxed with water 
for lLhr. The cooled solution was made alkaline with 
aqueous sodium bicarbonate and then extracted with chloro- 
form. The chloroform on evaporation left a dark-coloured 
residue which dissolved in hot ethanol, and after addition of 
light petroleum (b.p. 40-60°) the white crystalline ketone 
came down on standing at 0° (yield 53%). Recrystallization 
from ethanol-light petroleum gave needles, m.p. 125-126° 
(Found: C, 70-6; H, 5-4; N, 10-7. C,;H,,0,N, requires C, 
70-8; H, 5-5; N, 110%). The use of 2:4:6-collidine as basic 
catalyst decreased the yield to 28%. 


3-(2-Amino-1-oxopropyl)pyridine dihydrocholoride (II). 
The ketone (I) (2g.) was heated under reflux with 3n- 
hydrochloric acid (50 ml.) for 1 hr. The benzoic acid was 
removed by filtration of the cooled solution, and evapora- 
tion under reduced pressure left the amine dihydrochloride, 
which was recrystallized from aqueous ethanol, m.p. 221° 
(decomp.) after darkening (yield 30%) (Found: C, 43-8; 
H, 5-6; N, 12-4; Cl, 30-3; C,H,,ON,,2HCl requires C, 43-1; 
H, 5-4; N, 12-6; Cl, 31-8 %). The dipicrate, forming prismatic 
needles from water, had m.p. 168° (decomp.) (Found: C, 
39-3; H, 2-4; N, 18-8. C.9H,,0,;N, requires C, 39-5; H, 2-6; 
N, 18-4%). The hydrochloride on treatment with 3n- 
sodium hydroxide evolved ammonia, and an unidentified 
orange-coloured substance was precipitated. This on crystal- 
lization from ethanol-light petroleum gave colourless 
prisms, m.p. 126° (Found: C, 70-5; H, 5-5; N, 10-3%). 

3-(2-Benzamido-1-hydroxypropyl)pyridine (III). 3-(2- 
Benzamido-1-oxopropyl)pyridine (5g.) was dissolved in eth- 
anol (300 ml.) and hydrogenated in the presence of Adams 
platinum-black catalyst (1 g.) for 2 hr. The residue left after 
removal of the catalyst and solvent was recrystallized from 
ethanol or water, and had m.p. 160° (yield, 90%) (Found: 
C, 69-9; H, 6-2. C,;H,,0,N, requires C, 70-3; H, 6-25%). The 
picrate, crystallizing as needles from ethanol, had m.p. 179° 
(Found: ©, 52-6; H, 4-0. C,,H,,0,N, requires C, 52-8; H, 
39%). 

3-(2-Amino-1-hydroxypropyl) pyridine (IV). The hydroxy 
compound (III) (2 g.) was hydrolysed by boiling under 
reflux with 20% (w/v) aqueous hydrochloric acid (50 ml.). 
After removal of the benzoic acid by filtration and the 
hydrochloric acid by evaporation under reduced pressure, 
the residue of amine dihydrochloride (yield 82%) was re- 
crystallized from ethanol as prisms, m.p. 228-229° (Found: 
C, 42-6; H, 6-4; N, 12-6. C,H,,.ON,,2HCl requires C, 42-6; 
H, 6-2; N, 12-4%). The dipicrate, forming prismatic rods 
from water, had m.p. 202° (decomp.) (Found: C, 37:3; H, 
3-5. Cy9H,,0,;N,,2H,O requires C, 37-2; H, 3-6%). 
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4-(2-Benzamido-1-oxopropyl)pyridine. The isonicotinic 
anhydride used was prepared as described by Schrecker & 
Maury (1954) except that the reaction between the oxalyl 
chloride and potassium isonicotinate was carried out at 
room temperature for the first hour and at 80° for the 
second hour. The reaction with benzamidopropionic acid was 
carried out as for the nicotinic analogue (above). The yield 
was 23% as prisms from ethanol, m.p.119-120° (Found: C, 
70-8; H, 5-4; N, 10-7. C,,;H,,0,N, requires C, 70-8; H, 5-5; 
N, 11-0%). This substance could not be hydrolysed success- 
fully to give the corresponding amine. Hydrolysis of the 
benzoyl group with 3N- or n-hydrochloric acid was accom- 
panied by deamination of the resulting amine. 

When collidine was used as the basic catalyst the only 
material isolated was isonicotinic anilide, m.p. 171°, formed 
from aniline present as an impurity in the collidine (Found: 
C, 72-9; H, 5-3; N, 13-8. C,,H,,ON, requires C, 72-7; H, 5-1; 
N, 14:1%). 

Effect of heating 4-methyl-2-phenyloxazolone in picoline. 
«-Benzamidopropionic acid (2-5 g.) was dissolved in warm 
acetic anhydride and the anhydride removed by repeated 
distillation under reduced pressure after addition of 
xylene. The gummy residue, oxazole, was heated at 85° 
under nitrogen for 2 hr. with dry 3-methylpyridine (5 ml.). 
After removal of the picoline the light-yellow oil was treated 
with aqueous sodium bicarbonate and extracted with 
chloroform. The residue from the chloroform was crystal- 
lized from boiling ethanol to give 3-benzamido-1-benzoyl-2:4- 
dioxo-3:5-dimethylpyrrolidine (V), forming felted needles, 
m.p. 243° (yield 25%) (Found: C, 68-6; H, 5-1; N, 8-1. 
Cy9H,,0,N, requires C, 68-6; H, 5-1; N, 80%). Hydrolysis 
with ethanolic 2Nn-hydrochloric acid for 15 min. gave 
3-benzamido-2:4-dioxo-3:5-dimethylpyrrolidine, m.p. 218° 
(from ethanol-light petroleum) (Found: C, 63-7; H, 5-5; 
N, 10-8. C,;H,,0,;N, requires C, 63-4; H, 5-7; N, 11-4%). 
When the oxazolone derivative was heated in collidine 
instead of picoline the pyrrolidine derivative was obtained 
in less yield and the aniline present as impurity gave 
a-benzamidopropionanilide, m.p. 172° (Found: C, 71-4; H, 
5-9; N, 10-3. C,,H,,0.N, requires C, 71-6; H, 6-0; N, 10-4%). 
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Biological methods 

Male albino rats (205-314 g. body wt.) were used. They 
were not deprived of food. Blood samples were obtained 
from the tail of the unanaesthetized animal. The blood-sugar 
determinations were carried out by Somogyi’s (1945) 
method. All injections were given intraperitoneally, the sol- 
vent being 0-9% sodium chloride buffered where necessary 
to pH 6-6 with sodium bicarbonate. The volume of solution 
injected was in all cases 2-5 ml./kg. body wt. The animals 
were allowed at least 6 days rest between experiments. 


RESULTS 


The effects of the various compounds on blood-sugar 
levels are shown in Table 1. The blood sugar was at 
the normal level 30 min. after the injection of 
3-(2-amino-1-oxopropyl)pyridine and of 3-(2-amino- 
1-hydroxypropyl)pyridine. Neither of these com- 
pounds affected significantly the hyperglycaemia 
produced by adrenaline (P>0-1). Adrenaline 
hyperglycaemia was significantly reduced by prior 
injection of either ephedrine (P<0-001) or nor- 
ephedrine (P 0-01—0-001), and the two adrenaline- 
hyperglycaemia-blocking effects were not signifi- 
cantly different from one another (P>0-1). 
Ephedrine, norephedrine and 3-(2-amino-1-oxo- 
propyl)pyridine produced similar effects on the 
behaviour pattern of the rats. They caused hyper- 
excitability. Salivation was very marked after 
administration of ephedrine and norephedrine. 
With 3-(2-amino-l-hydroxypropyl)pyridine there 
were no apparent toxic symptoms apart from a 
slight paralysis of the hind leg in some animals. 
When injected into anaesthetized cats, both 
pyridine derivatives exhibited sympathomimetic 
activity. 3-(2-Amino-l-oxopropyl)pyridine (IT) 





Table 1. 


Effect of pu-3-(2-amino-1-oxopropyl)pyridine dihydrochloride and p1u-3-(2-amino-1-hydroxy- 


propyl)pyridine dihydrochloride on blood-sugar level, and the effect of these compounds and of L-ephedrine 
hydrochloride and pu-norephedrine hydrochloride on t-adrenaline hyperglycaemia 


Expts. 1-6 were carried out on each of a group of fifteen rats except where shown; Expts. 7 and 8 were done on each of 
a separate group of eight rats. In Expts. 4-8, 0-1 mg. of adrenaline/kg. body wt. was injected immediately after the 


second blood sample had been taken at 30 min. 


The relative changes of blood-sugar level at various times are expressed as a percentage of the blood-sugar value at 


zero time (mean values+s.E.). 


Drug and dosage (mg. of base/kg. body wt.) 


Expt. administered at zero time 


Relative change of blood-sugar 
level with time (min.) 
A 








no. c A 
09% NaCl 
3-(2-Amino-1-oxopropyl)pyridine 
Adrenaline 
3-(2-Amino-1-oxopropyl)pyridine 
Ephedrine 

Norephedrine 

09% NaCl 
3-(2-Amino-1-hydroxypropy!)pyridine 


* Mean of fourteen rats, 


> mt 


SI Dor who 


+ Mean of thirteen rats. 


c _— 
7 30 60 90 
a 103+3 9742 —_ 
25 95+3 98+4 — 
0-1 — 168+6 se 
25 104+2 oa 157+4 
25 100+3* ~ 117+5t 
25 10447} = 132+9f 
a 100+2 — 148+6 
25 102+2 a 152+6 


t Mean of ten rats. 
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produced a rise in blood pressure, probably through 
an ephedrine-like action. Its potency was about 
a fifth of that of ephedrine and it also caused tachy- 
phylaxis. On the other hand, the sympathomimetic 
activities of 3-(2-amino-1-hydroxypropyl)pyridine 
(IV) resembled more those of adrenaline and nor- 
adrenaline. In addition, this compound stimulated 
autonomic ganglia. 


DISCUSSION 


It has been shown that norephedrine is as effective 
as ephedrine in reducing adrenaline hyperglycaemia. 
It is possible therefore that the failure of 3-(2-amino- 
l-oxopropyl)pyridine and 3-(2-amino-1l-hydroxy- 
propyl)pyridine to act similarly is not due to the 
absence of an N-methyl group in the side chain. 
Nor can the lack of activity of these compounds be 
attributed to the isopropylamine side chain that is 
present in all four amines. Since the hydroxypropyl 
derivative differs from norephedrine only in the 
substitution of a pyridine for a benzene ring, it is 
evident that some alterations to the ring moiety of 
ephedrine analogues interfere with their adrenaline- 
hyperglycaemia-blocking activity. 

Although norephedrine has no hyperglycaemic 
activity, that of its catechol analogue, cobefrin, is 
very marked (Schaumann, 1931; Anderson & Chen, 
1934). In the present work the pyridine analogue of 
cobefrin and norephedrine, 3-(2-amino-1-hydroxy- 
propyl)pyridine, has been shown to exhibit no 
hyperglycaemic activity. While the substitution of 
a pyridyl for a dihydroxypheny] radical abolished 
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the hyperglycaemic effect, the blood-pressure 
reaction of the ephedrine type of amine was re- 
placed by one more characteristic of adrenaline and 
noradrenaline. The effect of substituting the side 
chain at the 4-position on the pyridine ring could 
not be determined owing to the difficulty of ob- 
taining the required amines. 


SUMMARY 


1. Ephedrine and norephedrine significantly 
reduced adrenaline-induced hyperglycaemia in rats. 

2. 3-(2-Amino-l-oxopropyl)pyridine and 3-(2- 
amino-1l-hydroxypropyl)pyridine did not’ change 
the blood-sugar level of rats or affect the hyper- 
glycaemia produced by adrenaline. Both com- 
pounds exhibited sympathomimetic activity. 


We thank Dr C. M. Tyler and Miss G. Bennett for carrying 
out the preliminary pharmacological tests and Sharp and 
Dohme Ltd. for the gift of norephedrine hydrochloride. 
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The Synthesis of Lipids in the Livers of Rats Treated 
with Pituitary Growth Hormone 
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(Received 26 February 1957) 


Studies on the carcass composition of rats treated 
with pituitary growth hormone (Lee & Schaffer, 
1934; Young, 1945; Greenbaum, 1953) have led to 
the conclusion that the hormone exerts a profound 
influence on the course of fat metabolism. 

Growth hormone injected into the intact rat 
stimulates fat catabolism in the liver, but this alone 
is not considered sufficient to account for the decline 
in total body fat which is also observed. A stimula- 
tion of the extrahepatic utilization of fat has been 


postulated as well as the increased liver catabolism 
(Greenbaum & McLean, 19536). In addition to the 
increased rate of fat catabolism it might be expected 
that there would also be a reduced rate of fat 
synthesis. Such an inhibition of fat synthesis has 
already been reported by Welt & Wilhelmi (1950- 
51) and by Brady, Lukens & Gurin (1951). On the 
other hand, Allen, Medes & Weinhouse (1956) were 
unable to obtain a consistent inhibition and were 
not satisfied that growth hormone has a direct 
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effect on fat metabolism. Welt & Wilhelmi, using 
the incorporation of deuterium oxide as an index of 
fat synthesis, found a 50 % inhibition in the rate of 
incorporation into both liver and carcass fat of 
normal rats treated with growth hormone for 24 hr. 
As it is already known that treatment with growth 
hormone causes a mobilization of body fat to the 
liver such that the liver fat may be doubled in 6 hr., 
(Weil & Ross, 1949; Greenbaum & McLean, 1953a), 
it is possible to account for the low rate of incorpora- 
tion of body-water hydrogen into liver fatty acids in 
terms of a dilution of newly formed fat by fat 
mobilized from the depots. This explanation would 
not, however, account for the reduced rate of 
incorporation into carcass fatty acids, and it would 
therefore seem likely that the 50% reduction in 
deterium content observed by Welt & Wilhelmi is 
due to an inhibition of fatty acid synthesis. Brady 
et al. (1951) showed that hypophysectomy increased 
the incorporation of labelled acetate into fatty acids 
and, conversely, that the injection of growth 
hormone for 3 days into a pancreatectomized— 
hypophysectomized rat abolished fat synthesis 
entirely (as measured by incorporation of labelled 
acetate). 

In view of these results and of the effects on fat 
metabolism of short-term treatments with growth 
hormone described by Greenbaum (1956) and 
Greenbaum & Graymore (1956) it was thought 
desirable to study the effect of relatively short- 
term treatment of normal rats with growth hor- 
mone on the rate of fatty acid synthesis, because it is 
during the first few hours of treatment that the 
greatest change-over of metabolic pattern occurs. 
Also, in addition to measurement of the rate of 
synthesis of fatty acids, it would be useful to find 
out whether there were similar effects on the 
synthesis of phospholipids and cholesterol. The 
results of the experiments described here show that 
whereas pituitary growth hormone greatly inhibits 
the synthesis of fatty acids and phospholipids it 
stimulates the synthesis of cholesterol. 


EXPERIMENTAL 


Animals. Hooded Norway rats of the Medical Research 
Council strain were used. The rats were 4 months old virgin 
females and weighed 180-220 g. They were maintained on 
stock diet (diet 41 of Bruce & Parkes, 1946) and allowed free 
access to food. Hormone-treated rats were injected intra- 
peritoneally with 1 mg. of purified growth hormone (twice 
recryst. fraction A) prepared by the procedure of Wilhelmi, 
Fishman & Russell (1948). Controls were similarly injected 
with saline. One treated group was killed 6 hr. and the 
other 12 hr. after injection; the controls were killed 6 hr. 
after injection. 

Preparation and incubation of tissue slices. After the 
allotted time interval the rats were killed by breaking their 
necks and the liver was rapidly excised and placed in ice- 
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cold Ringer bicarbonate solution (Krebs & Henseleit, 1932). 
The liver was then sliced on a hand microtome to give 
4-5 g. of slices. Samples of the residual tissue were taken for 
the determination of the nitrogen content and finally all 
remaining tissue was weighed to get the total weight of liver 
present. The slices were divided as follows: (a) Into each of 
three flasks similar to those described by Chernick, Masoro & 
Chaikoff (1950) was placed about 600 mg. of slices in 6 ml. of 
medium. The medium was Krebs-Ringer bicarbonate 
solution containing sodium [carboxry-“C]acetate, sodium 
[carboxy-4*C]pyruvate or sodium [«-!C]pyruvate at a con- 
centration of 0-02M and having a specific activity of between 
5 and 10yc/m-mole. (b) Into each of two wide-mouthed 
stoppered conical flasks was placed about 800 mg. of slices 
in 8 ml. of the same medium as above, for the study of 
phospholipid synthesis. A mixture of O,+CO, (95:5) was 
passed through both sets of flasks, which were then incu- 
bated with shaking for 3 hr. At the end of this time further 
treatment of groups (a) and (b) was as follows. 

Carbon dioxide. This was determined and isolated (see 
below) from the incubates of group (a). CO,-free aqueous 
KOH (1-5 ml. of 20%, w/v) was injected into the centre well 
and, after shaking for a further 5 min., 1 ml. of 4n-HCl was 
tipped into the flask from the side arm. Absorption of CO, 
was allowed to continue for 2 hr. After this time the flasks 
were removed from the bath and the KOH collected from 
the centre well. The bulb and centre well were repeatedly 
washed with CO,-free water and the washings added to the 
KOH. This solution was used to estimate the total CO, and 
its specific activity. The slices and medium in the main 
compartment were centrifuged. The supernatant fluid was 
discarded and the slices were transferred to a 100 ml. flask 
with the aid of 10 ml. of 4% (w/v) ethanolic KOH. After 
refluxing overnight this solution was used for the determina- 
tion of the specific activity of the fatty acids and cholesterol 
as follows. 

Cholesterol. The digest was transferred to a separating 
funnel with about 25 ml. of 50 % ethanol and then extracted 
with light petroleum (b.p. 60—80°; 4 x 15 ml.). The combined 
solvent layers were evaporated to about 20 ml. and 5 ml. of 
a 0-2 % solution of digitonin in 50% ethanol was added. The 
volume was then reduced to 2 ml.; 10 ml. of water was 
added and the whole brought to the boil. When cool, 20 ml. 
of acetone was added and the whole then centrifuged. The 
cholesterol digitonide precipitate was washed twice with 
acetone and twice with ether and then dried over CaCl,. 

Fatty acids. After removal of the unsaponified fraction the 
aqueous ethanolic layer was evaporated on a water bath to 
remove all organic solvents and then acidified. The free 
fatty acids were extracted with light petroleum (4 x 25 ml.). 
The combined solvent layers were washed with water 
(3 x 25 ml.), dried over Na,SO, and finally evaporated to 
dryness. 

Phospholipids. The contents of the conical flasks used in 
group (b) were centrifuged, the supernatant fluid was dis- 
carded and the slices were homogenized in 5 ml. of cold 
trichloroacetic acid (10%, w/v). The suspension was centri- 
fuged and the residue re-extracted with 5 ml. of cold 10% 
trichloroacetic acid. The trichloroacetic acid extracts were 
rejected. The solid residue was extracted once with 5 ml. of 
warm 80% ethanol, twice with 4 ml. portions of absolute 
ethanol and finally once with 4 ml. of warm ether. The 
alcohol and ether extracts were combined and the solvents 
removed. The residue was extracted with light petroleum 
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(4 x3 ml.) and the volume of the combined petroleum layers 
was reduced to about 2 ml. by distillation. Then 15 ml. of 
acetone and 0-5 ml. of a 45% (w/v) solution of MgCl, in 
ethanol was added and the whole allowed to stand for 
30 min. The precipitated phospholipids were separated by 
centrifuging and dried over CaCl,. In view of the difficulties 
involved in making a quantitative extraction and recovery 
of the various fractions, no attempt was made to weigh the 
fractions isolated. 


Measurement of radioactivity 


The device used for displacing the CO, from the bi- 
carbonate solution is that currently used for wet combustion 
of organic compounds. This, together with the high-vacuum 
apparatus, the McLeod gauge and the methods used, have 
been described in detail by Glascock (1954). 

Measurement of total carbon dioxide and its specific activity. 
The volume of solution and washings removed from the 
centre well of each flask was accurately measured and a 
0-5 ml. portion pipetted into a tube fitted with a tap funnel 
and a side arm by means of which it was attached to a high- 
vacuum apparatus. The contents of the tube were frozen in 
an acetone-solid CO, bath and evacuated with a mercury 
diffusion pump. The frozen solution was melted and 0-5 ml. 
of 10% (v/v) H,SO, run into it through the tap funnel. The 
CO, evolved was passed in vacuo through a U-trap cooled in 
an acetone-solid CO, bath and measured in a McLeod 
gauge, the trap of which was maintained at — 78° to condense 
any trace of water vapour that may have escaped the U- 
trap. The volume of CO, so collected was usually about 
300 ul. Its specific activity, which in most experiments was 
of the order of 4000 counts/min./ml. of CO,, was determined 
by counting at least two accurately measured portions of 
each gas sample in a gas counter. The values for any given 
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gas sample always agreed to within +1-5% after counting 
for at least 10 000 counts. The total activity collected was 
calculated as the product of the total volume of solution, its 
CO, content and the specific activity of the CO,. 

Specific activity of fatty acids, phospholipids and chol- 
esterol. In all experiments but the last two the specific 
activity of the carbon of the lipid fractions isolated from the 
slices was determined by dry combustion and counting of 
combustion CO, in a gas counter. The specific activity of the 
carbon of the cholesterol was calculated by multiplying 
that of the digitonide by the factor calculated from the 
carbon contents of the two compounds. 

In the last two experiments the samples were counted 
uncombusted in a Tracerlab windowless flow counter 
(Tracerlab Inc., 130 High St., Boston 10, Mass, U.S.A.; 
Model SC 16). The cholesterol digitonide was counted at 
infinite thickness (50 mg./cm.?) and the phospholipid at a 
thickness of 5 mg./planchet (area 1-63 cm.*). This was 
achieved by carrying out a phosphorus determination on a 
solution of the phospholipid fraction and then evaporating 
the required volume containing 5 mg. of phospholipid to 
dryness on the planchet. All results are calculated as counts/ 
mg. of carbon, but no cross-calibration of the gas- and 
solid-counting methods was necessary since each experiment 
was self-contained. 


RESULTS 


The extent of incorporation of the radioactive 
carbon from the various substrates into carbon 
dioxide, fatty acids, phospholipids and cholesterol 
by liver slices is shown in Table 1 and as histograms 
in Fig. 1. In Fig. 1 the specific activities of the 
fractions from the experimental rats have been 


Effect of pituitary growth hormone on the rates of incorporation of the labelled carbon of pyruvate or 


acetate into the carbon dioxide, fatty acids, phospholipids and cholesterol in rat-liver slices 


The incubation mixtures contained the labelled substrates at a concentration of 0-02m and having 5-10 c/m-mole. 


For further details see text. 


Carbon dioxide. 
10-* x total activity 
(counts/min.) 


Fatty acids. 
Specific activity 
(counts/min./mg. of C) (counts/min./mg. of C) 
A — 


Cholesterol. 
Specific activity 
(counts/min./mg. of C) 


Phospholipids. 
Specific activity 























a) f ‘ ™~ a ‘ 
6hr. 12hr. 6hr. 12 hr. 6hr. 12 hr. 6hr. 12 hr. 
Substrate Control group group Control group group Control group group Control group group 
[carboxy-'4C]- 4-44 4-63 4-56 0 0 0 21 43 38 0 0 0 
Pyruvate 
[a-4C]Pyruvate 1-58 1-95 1-94 4050 1950 1590 — od _— — _ — 
1-01 1-20 1-43 2 840 239 117 — 
0-89 0-90 0-75 2 012 769 448 
1-15 0-90 0-82 1 709 669 209 =1066 623 345 657 1075 422 
0-48 0-60 0-52 959 680 274 935 872 549 447 473 324 
765* 505* 298*  817* 1180*  800* 
610* 453* 356* 523* 774* 711* 
[carboxy-4C}- 2-34 _— 2-37 14450 1833 —_— — — 1980 — 2840 
Acetate 2-34 — 2-92 14450 — 1455 — —_ — 1980 —_ 2530 
1-79 1-83 — 9967 3660 -- — — — 1412 1360 _ 
1-79 1-77 _- 9967 6155 — — — — 1412 1994 — 
2-35 — 2-07 5 010 817 2675 1210 1148 688 — 1131 
1-90 1-89 2-05 6382 1240 816 = — — 1125 1800 800 
1335* 914* 527* 790* 1005* 887* 
= = = = — 1280* 624* 512* 642* 897* 813* 


* These samples were measured on a windowless flow counter. 
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expressed as a percentage of the specific activities of 
those from the control rats. This method of ex- 
pression has been used to avoid the difficulty of 
grouping results from experiments in which the 
initial specific activities of the substrates were not 
always the same. The data from any one experiment 
are comparable because the same medium was used 
for both treated and untreated rats, but the initial 
specific activities of the substrates varied by as 
much as a factor of 2 in separate experiments. 


Respiratory carbon dioxide 


It will be seen (Fig. 1a) that treatment of the rats 
with growth hormone had little or no effect on the 
relative rates of production of carbon dioxide from 
any of the three substrates. The total activity 
of the carbon dioxide from [carboxy-\4C]pyruvate 
(4:44 x 10° counts/min.) was roughly four times that 
produced from [«-!4C]pyruvate and twice that from 
[carboxy-'C]acetate (Table 1). 
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Fig. 1. Incorporation of “C from labelled pyruvate or 
acetate into (a) the CO,, (b) fatty acids, (c) phospholipids 
and (d) cholesterol of rats treated with growth hormone. 
The results are expressed as percentages of the control 
specific activity. The columns represent values for rats 
treated with growth hormone for 6 hr. (solid columns) and 
for 12 hr. (dotted columns). A, [carboxy-14C]Pyruvate; 
B, [«-“C]pyruvate ; C, [carbory-C]acetate. 
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Fatty acids 


The incorporation of substrate carbon into fatty 
acids is shown in Fig. 1b. None of the carboxyl 
carbon of pyruvate was found in the fatty acids. The 
rate of incorporation of the carbonyl carbon was 
greatly reduced in the rats treated with growth 
hormone, the effect being more pronounced after 
12 hr. than after 6 hr. The mean specific activity of 
the controls was 2320/counts/min./mg. of carbon, 
and this was reduced to 41% of the control level 
6 hr. after growth-hormone treatment and to 21% 
after 12 hr. Incorporation of the carboxyl carbon 
of acetate was also reduced by previous treatment of 
the rats with growth hormone, and again the effect 
was most marked after 12 hr. treatment, the levels 
at 6 and 12 hr. being 39 and 13% of the control 
levels respectively. The rate of incorporation of 4C 
from [a«-4C]pyruvate or [carboxy-4Clacetate was 
inhibited in all experiments, and the diminution in 
rate was statistically significant for both sub- 
strates at both times in all experiments. [All values 
were significant with P < 0-05 (Fisher, 1944).] 


Phospholipids 


No incorporation of the carboxyl carbon of 
[carboay-'4C }pyruvate into phospholipids was found 
in either normal or treated animals. The incorpora- 
tion of the labelled carbon of [«-!4C]pyruvate was 
inhibited by growth hormone, but to a less extent 
than into fatty acids. The same was true for 
[carboxy-4C]acetate. 


Cholesterol 


The carboxyl carbon of pyruvate was not in- 
corporated into cholesterol. The carbonyl carbon 
atom, however, was incorporated more rapidly into 
the liver cholesterol of rats treated with growth 
hormone than into the liver cholesterol of control 
rats. The specific activity of the cholesterol from rats 
injected 6 hr. before being killed was 140 % of that 
of the control. By 12 hr. the incorporation was no 
longer stimulated and the 12 hr. value is indisting- 
uishable from that of the controls. A similar pattern 
was obtained with [carbory-“C]acetate, a stimula- 
tion at 6 hr. and a return towards normal values by 
12 hr. 


DISCUSSION 


The results given above show that the livers of rats 
previously injected with pituitary growth hormone 
have a greatly reduced ability to synthesize fatty 
acids from either pyruvate or acetate. In general 
the growth-hormone treatment in many cases 
reduced the rate of incorporation of the labelled 
carbon into fatty acids from these substrates to 
between one-tenth and one-fifth of that found in the 
livers from untreated rats. The inhibitory effect is 
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greater at 12 than at 6 hr. and there is no evidence 
whether the maximum effect is obtained at 12 hr. or 
later. But in the twenty-five growth-hormone- 
treated rats used in the 6 and 12hr. groups an 
inhibition was always observed. This result is in 
agreement with the previous observations of Welt & 
Wilhelmi (1950-51), of Brady et al. (1951) and 
others. Only Allen et al. (1956) failed to obtain such 
an inhibition. Of the five experiments reported by 
these last authors an inhibition was observed in 
four and a stimulation in one. Their maximum 
inhibition, obtained after injecting 15 mg. of growth 
hormone as a single dose after a 3-week treatment 
with daily injections of 0-5 mg., was only to 38 % of 
control level. In the experiments reported here a 
single injection of 1 mg. had a greater effect than the 
protracted treatment described by Allen et al. 
(1956) and on several occasions gave incorporation 
rates of less than 10 % of the control values. Their 
variable and uncertain results led Allen eé al. to 
conclude that the effect of growth hormone in 
diminishing the rate of fatty acid synthesis was not 
established. In view of the results given above it 
seems quite clear that the injection of the hormone 
does, in fact, lead to a lowered rate of fatty acid 
synthesis. A possible explanation of the results of 
Allen et al. lies in the unusual condition applied to 
their rats immediately before being killed. The 
animals were first starved for 24 hr. and then fed 
again for 24 hr. The purpose of this procedure was 
not stated but, whatever the reason, this procedure 
would tend to introduce some variability and also 
make the results not comparable with those of other 
workers using more orthodox methods. 

It is not possible to say from the results of the 
present work that growth hormone has a direct 
action on fatty acid synthesis. Other hormones, 
notably those of the pancreas and adrenals, also 
affect it (Welt & Wilhelmi, 1950-51; Brady et al. 
1951), and it would have to be shown that the 
growth hormone used was entirely free of cortico- 
trophic, pancreatrophic or thyrotrophic hormone. 
The preparation used (fraction A of Wilhelmi et al. 
1948) is virtually free from these contaminants but 
possibly not entirely so. Nevertheless, in view of 
the very small quantity of such contaminants which 
could have been present in the 1 mg. of growth 
hormone injected, it is probable that the prime 
agent in the inhibition of fatty acid synthesis 
observed in these experiments was growth hormone 
itself. 

The very low incorporation rate in the treated 
animals could be due to several causes. First, it 
could be an artifact, the incorporation rate being 
identical in the treated and control groups, but the 
mobilization of fat to the liver after growth- 
hormone treatment (Szego & White, 1949; Green- 
baum & McLean, 1953a) causing dilution of the 
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newly formed fat to give low specific activities. 
Secondly, there could be a reduction in the rate of 
formation of the C, fragments, although the activity 
of the enzymes synthesizing fatty acids remains 
unchanged; thirdly, there could be an increased 
rate of formation of C, fragments from endogenous 
sources which dilute those arising from the sub- 
strate; finally, there is the possibility of a reduction 
in the activity of the fatty acid-synthesizing 
mechanisms. 

It is unlikely that dilution of freshly formed fatty 
acids by fatty acid mobilized from the depots could 
account for the low specific activities in treated 
animals. Greenbaum & McLean (1953a) found only 
a doubling of the liver fat as a result of the injection 
of growth hormone, and similar increases were 
found by Li, Simpson & Evans (1949), Szego & 
White (1949) and Weil & Ross (1949). In order to 
account for the low specific activity of the fatty 
acids in the livers of the treated rats the endogenous 
level of fat would have to be increased by a factor 
of 4 or 5, or even 20, which is far greater than any- 
thing previously reported. 

It also seems unlikely that the low specific 
activity found could be due to a decreased rate of 
formation of labelled acetyl-coenzyme A since the 
rates of production of “CO, from the carboxyl 
group of pyruvate is virtually identical in normal 
and growth-hormone-treated animals. 

Dilution of the labelled acetyl-coenzyme A before 
its synthesis into fatty acids is also unlikely. 
Glycolysis is not stimulated by growth hormone 
(Recant, 1952), so that this pathway probably does 
not contribute extra acetyl-coenzyme A; nor is 
protein catabolism a likely source since protein 
catabolism is decreased and protein synthesis in- 
creased in growth-hormone-treated rats (Russell & 
Cappiello, 1949; Hoberman, 1949-50). Thus the 
low rate of incorporation found probably reflects 
a genuine reduction in the rate of fatty acid syn- 
thesis. 

The interpretation of these results in terms of 
events occurring in the whole animal is difficult. 
One of the main characteristics of a growth- 
hormone-treated rat is that it loses fat as it grows 
(Young, 1945; Greenbaum, 1953). It might be 
expected, therefore, that a growth-hormone- 
treated rat would show both an increased rate of 
fatty acid degradation and a decreased rate of fatty 
acid synthesis. Measurements of the rate of fatty 
acid oxidation (Greenbaum & McLean, 19536; 
Allen et al. 1956) show that after 2 days of treatment 
the rate of fatty acid oxidation in the livers of 
growth-hormone-treated rats is the same as in 
controls. If the liver really reflects the rate of 
fat oxidation in the body as a whole it would 
appear that the total decrease of body fat in 
the treated rats is achieved by a reduced rate of 
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fat synthesis rather than by an increased rate of 
oxidation. 

In our experiments the phospholipid fraction also 
shows a reduced rate of incorporation of labelled 
carbon from [«-!4C]pyruvate and from [carboxy- 
M4Cjacetate in treated rats. The decreases are less 
pronounced in phospholipid synthesis than in fatty 
acid synthesis. This finding is somewhat surprising 
in that growth hormone causes a reduction in the 
amount of fatty acid carbon incorporated into the 
phospholipids at the same time as it causes an 
increase in the rate of phosphorus incorporation 
(Greenbaum, Graymore & Slater, 1957). This 
difference is difficult to explain unless it is supposed 
that different parts of the phospholipid molecule 
have different rates of turnover. 

Growth hormone causes an increase in the rate of 
incorporation of acetate and pyruvate carbon into 
cholesterol and not a decrease. With [«-44C]pyruvate 
the rate is increased by 40% 6 hr. after hormone 
treatment but returns to normal by 12 hr. When 
[carboay-4C]acetate is the substrate the increase at 
6 hr. is 33%, and although the level returns to- 
wards that of the control by 12 hr. it is still higher 
than in the control animals. No explanation for this 
difference is available. The stimulation of chol- 
esterol synthesis simultaneously with a decrease in 
fatty acid synthesis is in keeping with the results of 
Allen et al. (1956). An inverse relationship of this 
kind has also been found by Hotta & Chaikoff (1952) 
in the livers of diabetic rats. Presumably fatty acid 
and cholesterol synthesis compete for the same 
precursor, and cholesterol synthesis therefore 
increases when the competition is reduced by a 
reduction in the rate of fatty acid synthesis. 


SUMMARY 


1. The effect of administration of pituitary 
growth hormone on the rates of incorporation of 
labelled carbon from pyruvate and acetate into 
carbon dioxide, fatty acids, phospholipids and 
cholesterol by rat-liver slices has been investigated. 

2. There was no difference in the rate of pro- 
duction of carbon dioxide from any of these sub- 
strates in normal or treated rats. The labelled 
carbon of [carboxy-!4C]pyruvate was only found in 
the carbon dioxide. 
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3. Growth hormone reduced the rate of in- 
corporation of labelled carbon from [«-!4C]pyruvate 
and [carboxy-“C]acetate into both fatty acids and 
phospholipids. 

4. The rate of incorporation of labelled carbon 
into cholesterol appeared to be stimulated by 
growth hormone. 
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Meat extracts have been known for nearly 150 
years, and during that time various analyses have 
been carried out. These analyses are incomplete 
(Embry & Henley, 1919; Rees & Salway, 1947; 
Allen’s Commercial Organic Analysis, 1932) and the 
present work was undertaken to develop methods 
for the separation, identification and determination 
of the constituents of muscle extracts and similar 
material. A preliminary account of this work has 
been published (Wood, 19566) and also a more 
general review of the subject of meat extract 
(Bender & Wood, 1956). 

The term ‘meat extract’ is not specific, and some 
confusion has arisen in the literature over the 
different types of extracts that can be prepared. 
Many authors quote Liebig’s original statement that 
34 lb. of trimmed meat yields 1 Ib. of extract. In 
practice two very different types of extract have 
been prepared commercially. The first is known as 
‘direct extract’ or, according to the report of the 
Society for Analytical Chemistry, Meat Extract 
Sub-Committee (1951), ‘essence of beef’. This is 
defined in the report as the product of an extraction 
sufficiently prolonged to produce a jelly on cooling; 
in other words, a considerable amount of gelatin has 
been extracted. Approximately 13-14 parts of 
meat are needed to yield 1 part of direct extract, 
containing about 34 % of moisture. 

The second product is known as no. 1 extract or, 
in the Society for Analytical Chemistry report, 
merely as ‘meat extract’. This is a by-product from 
the manufacture of corned beef, and involves the 
immersion of chopped beef in boiling water for a 
limited period. Very little gelatin is extracted and 
the product is the normal article of commerce to- 
day. It requires 50 parts or more of trimmed meat 
to produce | part of this extract, containing 17 % of 
moisture. In the present paper no. 1 extract has 
been used. 


EXPERIMENTAL 


Materials 


Meat extract. The commercial extract used was a concen- 
trate of the liquor obtained when chopped beef was im- 
mersed for 30 min. in water at 95-100° during the initial 
stages of corned-beef manufacture. The flesh used con- 


sisted entirely of muscle and connective tissue, the skin, 
viscera and head of the animal being removed. The first 
stage of concentration of the liquor to 45% of solids was 
carried out under reduced pressure, the following final stage 
at atmospheric pressure and 75° over a period of 7-14 hr. 
During this final stage of concentration, at which there is 
free access of air, the commercially desirable flavours and 
colour are developed. Thus commercial extract may be 
expected to show certain chemical differences from fresh 
muscle extracts. The chemical manipulations during the 
analysis were carried out at temperatures below 60°. 

Dialysed extract. The extract, contained in a Visking bag, 
was dialysed exhaustively against distilled water with 
chloroform as a preservative. The dialysis was judged to be 
complete when no trace of colour was visible outside the bag 
after dialysing against fresh water for 12 hr.; this took 
about a week. The diffusates obtained each day were com- 
bined and concentrated under reduced pressure. 

An alternative method was treatment under reduced 
pressure at 40-45° in a circulating dialyser made by modi- 
fying a Soxhlet extractor. The existing siphon was replaced 
by one of wider bore. A tap was fused to the top of the 
condenser and could be closed when the apparatus was 
functioning satisfactorily under reduced pressure. The 
diffusate siphoned over and collected in the receiver below. 
The dialysis of 3 g. of beef extract was complete after 14 hr. 

The material remaining in the bag was dried to constant 
weight over P,O; in vacuo and weighed to obtain the per- 
centage of protein in the extract. The nitrogen and ash of the 
protein were determined. 

Electrodialysed extract. The dialysed extract was electro- 
dialysed in the apparatus described previously (Wood, 
1956a), with water flowing through the electrode compart- 
ments. After electrodialysis colourless solutions were ob- 
tained from the anode and cathode compartments, and the 
centre fraction was pale brown. For some purposes of 
chromatography an electro-desalted extract was required, 
in which case the passage of current was continued only until 
the resistance of the cell began to rise rapidly. At this point 
the contents of the centre compartment were withdrawn. 


Analytical methods 


Dry weight. This was determined both by drying for 
16 hr. at 100° and in vacuo over P,O, at room temperature. 

Ash. The sample was ignited at 550°. 

Nitrogen. This was determined by the semi-micro- 
Kjeldahl procedure. 

Phosphate. This was determined on a dialysed sample by 
the method of the Association of Official Agricultural 
Chemists (1955a) before and after ashing; the difference 
gave the organic phosphate. 
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Potassium. This was determined by precipitation as the 
cobaltinitrite (Association of Official Agricultural Chemists, 
1955). 

Creatine and creatinine. The Jaffe reaction was used as 
detailed by the Society for Analytical Chemistry (1951). 

Allantoin. Larson’s method of determination (Hawk, 
Oser & Summerson, 1947) showed none to be present. 

Urea and ammonia. A microdiffusion method was used 
(Conway, 1950). 

Colouring matter. Anode and cathode Permaplex ion- 
exchange-resin membranes (The Permutit Co. Ltd., 
London, W. 4) were dried over P,O, in vacuo until their 
weights did not alter by more than 10 mg./24 hr. (0-5% of 
their weight). The membranes were then arranged in the 
electrodialysis apparatus on either side of the centre com- 
partment containing the sample of dialysed extract. A 
compartment containing water separated the centre com- 
partment from each electrode compartment and its appro- 
priate membrane. Water was passed through the electrode 
compartments. Electrodialysis was commenced with a 
current of 0-204 and continued until the current had fallen 
to approx. 0-084. At this stage the solutions in the outer 
compartments were withdrawn and replaced by water. 
Further passage of current resulted in the deposition of the 
colouring matter on the centre membranes and the solution 
of meat extract became pale yellow in colour. Finally, all 
the solutions were removed and replaced by water and the 
current was passed for a few minutes to remove traces of 
salts from the membranes. The membranes were then 
removed, blotted and dried as before. 


Chromatography 


The substances present were identified by ascending- 
paper chromatography of the dialysed, electrodialysed or 
desalted sample. The equipment used was the Universal 
Chromatography Outfit (Aimer Products Ltd., 56, Rochester 
Place, London, N.W. 1), in which 5 filter-paper sheets 10 in. 
square are mounted on ‘dural’ metal frames. Unless other- 
wise stated, Whatman no. 4 paper was used. A one-phase 
mixture of n-butanol-acetic acid—water was used as a 
‘standard’ solvent, thus facilitating the comparison of Ry, 
values for a large number of compounds. 

When a compound had been identified by chromato- 
graphy in several solvents it was determined quantitatively. 

Solvents. All solvents are single phase. 

(1) n-Butanol-acetic acid—water (60:15:25) (J. B. 
Jepson & I. Smith, personal communication). 

(2) Phenol-aq. NH, soln.: 113 ml. of water was added to 
450 g. of phenol; 1 ml. of aq. NH; soln. (sp. gr. 0-880) was 
added before use to each 200 ml. of solvent. 

(3) Phenol-HCl: 100 ml. of the above phenol solvent was 
allowed to equilibrate overnight with a mixture of 60 ml. of 
conc. HCl and 40 ml. of water contained in a separate vessel. 

(4) Ethanol-aq. NH; soln. (sp.gr. 0-880)—water (80:5: 15) 
(Cheftel, Munier & Macheboeuf, 1952). 

(5) Propan-l-ol-n-acetic acid (3:1) (Ames & Mitchell, 
1952). 

(6) Acetone-30 % acetic acid (1:1) (Burrows, Grylls & 
Harrison, 1952). 

(7) tert.-Amyl alcohol-picric acid-water (80 ml.:4 g.: 
20 ml.). 

(8) Methanol-90% formic acid soln.—water (80:15:5) 
(Bandurski & Axelrod, 1951). 
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Detection of spots. The papers were viewed under ultra- 
violet light from a Hanovia Chromatolite lamp (Hanovia 
Ltd., Slough, Bucks) before treatment with the location 
reagents described below. It was found possible to apply all 
the reagents by a ‘dipping’ procedure. Those reagents which 
had, of necessity, to be in aqueous solution, were applied by 
drawing the paper rapidly through the surface of the solu- 
tion and blotting immediately. 

Two types of location reagent were employed: ‘general 
reagents’ which showed the presence of a spot on the paper, 
with little or no regard to the chemical nature of the 
material, and ‘specific reagents’ which react with groups of 
related compounds. 

The following general reagents were used to locate spots: 
iodine vapour, universal indicator, ammoniacal silver 
nitrate and bismuth tri-iodide. 

Specific reagents were as follows: diazo reagent for 
iminazole compounds (Sanger & Tuppy, 1951); diacetyl 
reagent for guanidine derivatives (Foster & Ashton, 1953); 
silver nitrate—bromophenol blue for purines and pyrimidines 
and also for chloride (Wood, 1955); bismuth tri-iodide for 
quaternary ammonium compounds (Cromwell & Rennie, 
1954); ninhydrin for amino acids and peptides; Ehrlich 
reagent for substituted ureas (yellow colours) and indoles 
(red colours) (Smith, 1953); Jaffe reagent for creatinine 
(Block, Durrum & Zweig, 1955). The organic phosphates 
were detected by treatment of the paper with a modified 
(Burrows et al. 1952) reagent of Hanes & Isherwood (1949), 
followed by irradiation with ultraviolet light. 

Inorganic ions. To avoid spots produced by inorganic 
ions being attributed to unknown compounds, reagents were 
required for the common inorganic ions. The ions K* and 
NH,* were detected with cobaltinitrite (Steel, 1954), Na* 
ion with violuric acid or from its fluorescence after treat- 
ment with uranyl acetate, Ba?+ and Ca**+ ions with rhodizonic 
acid (Burma, 1953),Cl", Br and I ions with silver nitrate— 
bromophenol blue (Wood, 1955), SO,?- by the procedure of 
Burma (1953) and PO,’ with the organic phosphate 
reagent described below. 

Amino acids. These were identified on paper chromato- 
grams of the desalted, dialysed extract and of an amino acid 
concentrate obtained as follows: the desalted, dialysed 
extract was treated with the hydrogen form of Zeo-Karb 225, 
the resin washed with water and the adsorbed amino acids 
were eluted with 2N-ag. NH, soln. and concentrated in vacuo 
over H,SO,. The quantitative estimation was carried out 
on a dialysed extract with a resin column, and the identity 
of the peaks was checked by paper chromatography (Moore 
& Stein, 1951) (Fig. 1). 

Two-dimensional chromatograms were run in butanol-— 
acetic acid and in phenol—-aq. NH; soln. 

Carnosine and anserine. Chromatograms were run in 
phenol-HCl to separate carnosine and anserine. The sum of 
these two compounds was measured with the resin column 
and the amount of carnosine was estimated by comparison 
of the diazo colour on the paper with that from known 
amounts of pure carnosine. The difference between these 
two figures gave the amount of anserine. 

Urea and citrulline. These two compounds were detected 
with Ehrlich reagent. Citrulline was determined on the resin 
column and urea as described above. 

Guanidine compounds. The trace amounts of guanidine 
and methylguanidine were estimated by visual comparison 
of the spot intensity on paper with known amounts. 
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Quaternary ammonium compounds. The bismuth tri- 
iodide reagent of Cromwell & Rennie (1954) was used, with 
the modification that the background colour was removed by 
rinsing in ethanol. Carnitine was estimated by comparison 
of the spot with those due to known amounts of the pure 
compound. 

Purines and pyrimidines. Hypoxanthine was estimated 
directly from its spot intensity after development with 
silver nitrate-bromophenol blue. Inosine could not be 
measured in this way because of variation in the depth of 
colour of its spot. Since only hypoxanthine and its riboside 
(with a trace of adenine and inosinic acid) were present, the 
inosine content could be calculated if the amount of com- 
bined hypoxanthine was known. The total hypoxanthine, 
after hydrolysis, was obtained by precipitation of its silver 
complex (Embry & Henley, 1919), and the percentage of 
inosine was calculated from the results. This figure includes 
the small amount combined as inosinic acid. 

Organic phosphates. A dialysed sample of the extract was 
treated with baryta in the cold to remove inorganic phos- 
phate, and excess of barium was removed with H,SQ,. 
Chromatograms were run on Whatman no. 541 (acid-washed) 
paper in several solvents. The use of metal equipment was 
avoided and a trace of ethylenediaminetetra-acetic acid was 
added to the solvents to remove traces of metal ions which 
have been shown to interfere with the chromatography of 
phosphoric esters (Isherwood, 1954). 
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Organic acids. A dialysed sample of the extract was 
fractionated by electrodialysis as previously described 
(Wood, 1956a). The colourless solution from the anode 
compartment of the cell contained the free acids. The 
mixture of acids was treated with baryta to remove the 
considerable amounts of phosphoric and sulphuric acids, 
which otherwise tended to interfere with the running of the 
chromatograms. Since oxalic acid would also have been 
removed by this procedure it was tested for by adding a 
strong solution of calcium chloride to a portion of the original 
dialysed extract made acid with acetic acid; as there was no 
precipitate, and since small amounts of added oxalic acid 
were detectable under these conditions, oxalic acid was 
presumed to be absent. 

After removal of excess of barium with H,SO,, the solu- 
tion was concentrated to a thick syrup in vacuo. The syrup 
was extracted four times with ether and the ether removed. 
The ether extract and the extracted material were dissolved 
separately in a small amount of water and chromatographed 
on Whatman no. 4 paper, the standard solvent being used in 
one direction and ethanol—aq. NH, soln.—water in the other. 

Lither solvent mixture may be used first but the choice of 
developing reagent depends upon the form in which the acids 
are present at the end of the run, whether as ammonium 
salts or in the free state. Thus aniline—xylose reagent 
(Saarnio, Niskasaari & Gustafsson, 1952) or potassium 
iodide—iodate-starch (Feigl, 1954) was used to reveal the 
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Elution curve of diffusate of 80-2 mg. of meat extract chromatographed on a Moore & Stein (1951) resin 


column. (A) Neutral and acidic amino acids: the buffer was changed from 0-1M-citrate, pH 3-42 at 37-5°, to 


0-1m-citrate, pH 4-25 at 50°, after 220 ml. had been 


collected, and the temperature raised to 75° after 278 ml. 


(B) Basic amino acids: 0-1mM-phosphate buffer, pH 6-8 at 25°, was changed to 0-2m-citrate buffer, pH 6-5 at 25°, 


after 105 ml. ( x denotes the unidentified peptide.) 
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free acids and Nessler’s solution to show up the ammonium 
salts. In addition a dilute solution of ferric chloride sprayed 
on to the paper served to reveal hydroxy acids as yellow 
spots. 

A map of the spots was prepared and is shown in Fig. 2. 
The map was constructed by taking a number of acids which 
might possibly be present and running them singly and in 
mixtures of six or seven in the two solvents described above. 
R, values and the relative positions of the acids to each 
other were checked on both one-dimensional and two- 
dimensional chromatograms. The relative positions ona two- 
dimensional chromatogram were also checked when either 


Ethanol-aq. NH, soln. 





1:0 08 06 0-4 02 
gee 
Butanol-acetic acid 


Fig. 2. Chromatographic chart of acids. The chromato- 
grams were developed with ethanol-aq. NH, soln. and 
butanol-acetic acid, the order of development depending 
on the location reagent (see text). A, Aconitic; Ad, 
adipic; C, citric; F, fumaric; Gl, glycollic; Gt, glutaric; 
G, glyceric; Gp, glycerophosphoric; Gy, glyoxylic; H, 
hippuric; HCl, hydrochloric; B-Bu, B-hydroxybutyric; 
Hp, hydroxypyruvic; I, itaconic; «-K, «-oxoglutaric; 
L, lactic; Me, maleic; Ma, malic; Mo, malonic; Oa, 
oxaloacetic; Ox, oxalic; P, pyruvic; Pe, pyrrollidone- 
carboxylic; Pp, phenylpyruvic; Pl, phenyl-lactic; Ph, 
phosphoric; S8, sulphuric; Su, succinic; T, tartaric; 
U, uric. 
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solvent was used first. It would appear that acids of a 
similar chemical nature tend to travel to the same region of 
the paper, and this is illustrated by the distribution of the 
homologous dicarboxylic acids. 

The pattern of spots obtained from the muscle extract 
was compared with the chromatographic chart of the acids 
(Fig. 2), and the following acids were identified in the 
extract from their Ry, values and colour reactions: lactic, 
glycollic, succinic and B-hydroxybutyric. 

Lactic acid. Lactic acid was determined by the method of 
Furth & Charnass (1910). When the determination was 
carried out on a deproteinized extract, the distillate con- 
tained considerable amounts of formaldehyde along with 
the acetaldehyde arising from oxidation of the lactic acid; 
the determination was therefore repeated on the anode 
fraction from an electrodialysed sample. Glycollic acid 
when oxidized by the same method gave a figure one-tenth 
of that obtained from the same weight of lactic acid; 
interference from the small amount of glycollic acid present 
in the extract was consequently adjudged negligible. 

Glycollic acid. Glycollic acid was confirmed on the chro- 
matogram by the violet colour produced when the spot was 
eluted and the eluted material was allowed to react with 
2:7-dihydroxynaphthalene. The quantity present could not 
be estimated with this reagent since lactic acid interferes; 
it was therefore determined on deproteinized meat extract 
by the method of Dagley & Rodgers (1953). 

Succinic acid. Succinic acid was determined on the anode 
fraction fluorimetrically after heating with resorcinol and 
H,SO, (Barr, 1948). 

RESULTS 

Identification on paper chromatograms. R, values 
of the various compounds for whose presence meat 
extract was examined, and their colour reactions, 
are shown in Tables 1-4. 

Meat extract. The full analysis is presented in 
Table 5. 

Colouring matter. A 
deposited on both the anode membrane and the 
cathode membrane during electrodialysis. That on 
the anode membrane contained 16% N and on the 
cathode 28% N. The combined materials were 
hydrolysed with 6N-HCl for 4 hr. and then chro- 
matographed on paper. f-Alanine and histidine 
were found and no sugars could be detected. 


brown substance was 


Table 1. R, values of anserine and substances reacting with the diazo reagent 


Solvents: 1, butanol-acetic acid; 3, phenol-HCl; 5, propanol-acetic acid. 


1 
Histidine 0-21 
Histidine methyl ester 0-44 
1-Methylhistidine 0-21 
Histamine 0-24 
Carnosine 0-20 
Anserine 0-20 
Thiolhistidine 0-27 
Urocanic acid 0-61 
Ergothioneine 0-32 
Unidentified peptide 0-33 


Solvent no. 
pee Colour with 


3 5 


diazo reagent 

0-19 0-07 Red 
0-62 0-17 Red 
0-36 0-07 None 
0-40 0-24 Red 
0-36 0-07 Red 
0-58 0-07 None 
0-22 0-15 Yellow 
0-77 0-67 Red 
0-88 0-24 Yellow 
0-71 0-17 Red 
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Quaternary ammonium compounds. The only 
members of this group present were carnitine and 
a trace of choline. The identity of the latter was 
confirmed with phosphomolybdic acid (Block ez al. 
1955). 

Organic phosphates. Only small amounts of these 
compounds were present, and inosinic acid was the 
only one to be identified with certainty. Others 
were tentatively identified from their R, values as 


Table 2. R, values of phosphates 


Solvents: 1, butanol—acetic acid; 6, acetone—acetic acid; 
7, tert.-amyl alcohol—picric acid; 8, methanol—formic acid. 


Solvent no. 





=< ee 
1 6 7 8 

Orthophosphate 0-28 0-80 0-52 0-85 
Pyrophosphate 0-09 0-63 0-11 0-75 
Glucose 1-phosphate 0-09 0-61 0-09 0-55 
Glucose 6-phosphate 0-09 0-68 0-11 0-66 
Ribose 5-phosphate 0-17 0-80 0-25 0-76 
Adenosine 5-phosphate 0-17 0-61 0-41 0-58 
Adenosine diphosphate 0-02 0-83 0-14 0-73 
Inosine 5-phosphate 0-13 0-62 0-17 0-50 
a-Glycerol phosphate 0-15 0-70 0-50 0-87 


Table 3. R, values of acids 


Solvents: 1, butanol-acetic acid; 4, ethanol-aq. NH, 


soln. 
Solvent no. 
ch mm 
Acid 1 4 

Aconitic 0-79 0-04 
Adipic 0-92 0-34 
Citric 0-49 0-05 
Fumaric 0-83 0-30 
Glycollic 0-70 0-60 
Glutaric 0-85 0-23 
Glyceric 0-17 0-73 
Glycerophosphoric 0-15 0-00 
Glyoxylic 0-66 0-11 
Glucuronic 0-25 0-30 
Hippuric 0-96 0-80 
Hydrochloric 0-19 0-65 
B-Hydroxybutyric 0-75 0-68 
Hydroxypyruvic 0-28 0-55 
Itaconic 0-81 0-24 
a-Oxoglutaric 0-55 0-27 
Lactic 0-78 0-78 
Maleic 0-54 0-20 
Malic 0-55 0-13 
Malonic 0-65 0-12 
Oxaloacetic 0-78 0-05 
Oxalic 0-26 0-08 
Pyruvic 0-65 0-44 
Pyrrollidone-carboxylic 0-63 0-46 
Phenylpyruvic 0-94 0-80 
Pheny]l-lactic 0-95 0-89 
Orthophosphoric 0-27 0-00 
Pyrophosphoric 0-18 0-00 
Sulphuric 0-26 0-06 
Succinic 0-82 0-25 
Tartaric 0-39 0-15 
Uric 0-26 0-13 
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ribose 5-phosphate, «-glycerol phosphate and there 
was an unidentified compound moving at a slower 
rate in all solvents than the compounds listed in 
Table 2. 

Carbohydrate. Tests with ammoniacal AgNO,, 
m-phenylene diamine, silver hydroxide, permanga- 
nate—periodate and other reagents (Block et al.1955) 
failed to reveal any carbohydrate other than ribose 
5-phosphate. 

Organic acids. A small amount of f-hydroxy- 
butyric acid was found to be present but was not 
determined. From the size and intensity of its spot 
relative to that due to the lactic acid it was esti- 
mated that the amount of B-hydroxybutyric acid 
was less than 1%. Oxalic acid was absent. 

Unidentified compounds. An unknown peptide 
giving a positive diazo reaction was found to be 
present (see Fig. 1). This compound, together with 


carnosine, was adsorbed by the hydrogen form of 


Zeo-Karb 226. The eluted material was chromato- 
graphed in quantity on Whatman 3MM paper, and 
the zone containing this material, which ran slightly 
faster than carnosine in the standard solvent, was 
cut out and eluted with water. The solution was 
evaporated to dryness over H,SO, in vacuo and 
colourless crystals were obtained. The compound 
was then run onto the resin column and found to 
occupy the position previously assigned to it. 
Another portion of the compound was hydrolysed 
for 6 hr. with 6N-HClI and the hydrolysis products 
were run on the column and on paper chromato- 
grams. This work is still in progress but the com- 
pound appears to be a peptide containing histidine. 


DISCUSSION 


As the total of the compounds estimated accounts 
for approximately 100% of the meat extract, and 
the nitrogen fractions of the separate components 
amount to 97% of the nitrogen present, it would 
seem that apart from errors in the determinations 
it is unlikely that any major constituent has been 
overlooked. 

Only one new compound has been discovered in 
the course of this work, the histidine-containing 
peptide described above, which is possibly identical 
with the avertabrin described by Kutscher & 
Ackermann (1926). Small amounts of various 
fluorescent substances were noted on the chromato- 
grams viewed under ultraviolet light, but they were 
not identified. 

The composition of the extract corresponds 
fairly well with the figures available in the literature 
(Embry & Henley, 1919; Rees & Salway, 1947; 
Allen’s Commercial Organic Analysis, 1932). The 
carnitine content agrees with that found by bio- 
logical assay (Carter, Bhattacharyya, Weidman & 
Fraenkel, 1952). The quaternary ammonium 
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ere | Table 4. R, values of further compounds 
wer 
| in Means of detection: UVF, ultraviolet fluorescence; UVD, dark spot under ultraviolet light; B, bismuth tri-iodide 


reagent; D, diacetyl reagent; J, Jaffe reagent; SB, silver nitrate-bromophenol blue reagent; NI, ninhydrin; MP, 
m-phenylenediamine reagent; EH, Ehrlich reagent; C, cobaltinitrite; R, rhodizonic acid. The letter G denotes that one of 


O;, the general reagents described in the text was used. ; 
ga- Ry in Means of 
55) } Guanidines solvent no. 1 detection Colour 
wee Arginine 0-16 D Rose 
Arcaine 0-36 D Rose 
XV- Agmatine 0-08 D Rose 
aie t Creatine 0-39 D Violet 
Creatinine 0-47 J Orange 
pot Glycocyamine 0-36 D Rose 
sti- Guanidine 0-45 D Rose 
cid } Methylguanidine 0-5% D Rose 
as- Dimethylguanidine 0-63 G _ 
id s-Dimethylguanidine 0-64 D Rose 
ide 
be Quaternary ammonium compounds 
ith Betaine 0-37 B Orange 
ae Choline 0-47 B Brown 
Carnitine 0-45 B Brick red 
ito- Carnitine ethyl ester 0-45 B Brick red 
und ) Crotonbetaine 0-45 B Yellow 
tly Neurine 0-53 B Brown 
vas Purines and pyrimidines 
vas Adenine 0-60 SB Blue 
und Guanine 0-38 SB Blue 
ind Hypoxanthine 0-48 SB Blue 
‘to Xanthine 0-43 SB Blue 
7 Thymine 0-67 UVD — 
It. } Cytosine 0-46 SB Royal blue 
sed Uracil 0-52 UVD — 
ets } Adenosine 0-49 SB Blue 
to- Inosine 0-36 SB Royal blue 
Xanthosine 0-33 SB Blue 
social Guanosine 0-38 SB Blue 
ine. Cytidine 0-38 SB Blue 
Uridine 0-41 UVD — 
Adenylic acid 0-21 SB Blue 
Guanylic acid 0-16 UVD a 
Cytidylic acid 0-21 UVD = 
nts Inosinic acid 0-13 SB Blue 
und Uridylic acid 0-19 UVD -— 
nts } Adenosinediphosphoric acid 0-21 SB Blue 
uld Miscellaneous 
ons Ammonium 0-11 C Yellow 
een Barium 0-16 R Red 
Calcium 0-18 R Red 
. Sodium 0-36 _ — 
| in ) Potassium 0-25 C Yellow 
ing | Chloride 0-19 SB Violet 
eal Bromide 0-19 SB Violet 
& Iodide 0-19 SB Violet 
Sulphate 0-08 — — 
is B-Alanine 0-43 NI Purple 
i- Glucosamine 0-29 NI Purple 
ere Glutathione 0-14 NI Purple 
Citrulline 0-32 EH Yellow 
rds Ethanolamine 0-46 NI Purple 
| Taurine 0-27 NI Purple 
ote Urea 0-55 EH Yellow 
47 ; Uric acid 0-30 I — 
“he Glucose 0-23 MP Brown 
io- Ribose 0:30 MP Brown 
. Kynurenine 0-50 UVF Blue 
. & Kynurenic acid 0-62 UVF Blue-green 
um Riboflavin 0-44 UVF Yellow 
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compounds in muscle have been investigated and 
carnitine and choline were found (Bregoff, Roberts & 
Delwiche, 1953; Friedman, McFarlane, Bhatta- 
charyya & Fraenkel, 1955). Glutathione was 
reported in meat extract by Rees & Salway (1947) 
but not by other investigators and none was found 
in the present analysis. 

Apart from the high percentages of colouring 
matter the constituents listed in Table 5 are mostly 
those which would be expected from a knowledge of 


Table 5. Composition of no. 1 meat extract 


All figures are based on the dry weight of the extract, 
which contained 17-28% moisture and 13-21% N on a dry 
basis. The carnosine, methylguanidine, guanidine, carnitine 
and hypoxanthine figures were based on the comparison of 
the colours on chromatograms with known amounts. 


Amount N 
(% of (% of 
Amino acids total) total wt.) 
3-Methylhistidine (Trace) — 
a-Alanine 1-32 — 
Serine 0-10 — 
Methionine 0-01 _- 
Isoleucine 0-08 _ 
Leucine 0-08 one 
Histidine 0-03 — 
Taurine 0-32 — 
Citrulline 0-26 — 
(Total) 2-20 0-22 
Peptides 
Carnosine 3-70 0-92 
Anserine 0-75 0-16 
Iminazole peptide 1-88 0-47 
Guanidines 
Creatine 4-80 1-54 
Creatinine 5-51 2-04 
Methylguanidine (~ 0-1) — 
Guanidine (~0-1) — 
Purines, etc. 
Hypoxanthine 1-90 0-78 
Tnosine 0-70 0-15 


Inosinic acid (Trace) — 


Protein 
(14-9% N; 0-1% ash) 10-92 1-65 
Organic acids 
Lactic acid 14-60 — 
Glycollice acid 0-98 _ 
Succinic acid 1-26 — 
B-Hydroxybutyric acid (<1) — 
Carnitine 3-3 0-29 
Choline (Trace) - 
Urea 0-11 0-05 
Ammonia 0-42 0°35 
Inorganic matter (8-95% K; 29-40 — 
73% P05) 
Colouring matters 18-30 4-25 
100-73 12-85 
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the compounds occurring in muscle. It was some- 
what surprising that no carbohydrates were found; 
it would seem that these compounds had been con- 
verted completely into lactic acid after the death of 
the animal. It is likely, too, that some sugar had 
been degraded to ‘Maillard’ type compounds 
(Hodge, 1953; Sharp, 1957). 

Citrulline, glycollic acid and fB-hydroxybutyric 
acid have not previously been reported in ox 
muscle. The glycollic acid apparently does not 
arise from the disproportionation of glyoxal since 
no oxalic acid could be detected in the extract. 

In terms of commercial value, that is mainly 
flavour and texture, different batches of meat 
extract show small differences. These differences are 
partly due to varying qualities of the meat and 
there is a marked difference in the method of pre- 
paration from factory to factory. Nevertheless, it is 
reasonable to suggest that the analyses presented 
here are typical of meat extracts of the grade 
examined. 


SUMMARY 


1. A scheme for the separation, identification 
and determination of the compounds present in 
muscle extracts is outlined, and applied to com- 
mercial meat extract. 

2. Protein was removed by dialysis and in- 
organic salts were removed by electrodialysis. A 
preliminary fractionation was made by electro- 
dialysis. 

3. The substances present were identified by 
paper chromatography and a range of colour 
reagents. 

4. R, values of compounds likely to be present in 
such extracts were determined, including a wide 
range of peptides, organic acids, organic phos- 
phates, guanidines, quaternary ammonium com- 
pounds, purines, pyrimidines and inorganic ions. 

5. A new procedure for the identification of the 
organic acids is described, consisting of a pre- 
liminary separation by electrodialysis followed by 
two-dimensional paper chromatography. 

6. When identified the constituents were deter- 
mined quantitatively or, where suitable methods 
were not available, by direct estimation of the 
colour intensity on the chromatograms. 

7. The weight of colouring matter was deter- 
mined by deposition on ion-exchange membranes 
after electrodialysis. 

8. A hitherto undescribed compound and 
several compounds not previously reported in ox 
muscle were detected in the extract. 

9. The sum of the constituents that have been 
determined in a sample of meat extract approxi- 
mates to 100 % of the material. 

We wish to thank Mr J. A. Palgrave for the resin-column 
analyses, Mr M. Burnham and Miss M. Wooldridge for 
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technical assistance and the Analytical Laboratory of 
Bovril Ltd. for the creatine and creatinine determinations. 
We are also grateful to Labaz Laboratories, Brussels, for 
a gift of carnitine, to Mr H. G. Westall and Dr I. Smith for 
gifts of various compounds and to Dr J. M. Shewan for 
details of the phenol-hydrochloric acid solvent. 
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Studies on the Aerobic Degradation of Glucose 
by Saccharomyces cerevisiae 


By N. R. EATON* ann H. P. KLEINT 
Department of Microbiology, University of Washington, School of Medicine, Seattle, Washington, U.S.A. 


(Received 23 August 1956) 


The anaerobic degradation of glucose by yeasts has 
been thoroughly studied (Lardy, 1949; Meyerhof, 
1951). However, much less is known about the 
metabolic pathways involved in the oxidation of 
glucose by yeasts. Based on studies of various 
strains of yeast and also by analogy with mechanisms 
discovered in other organisms, two major routes 
have been described for glucose oxidation: (1) 
direct oxidation, i.e. oxidation of the C-1 of glucose 
as the primary step, with or without preliminary 
phosphorylation of the molecule, and (2) oxidation 

* Present address: Division of Life Sciences, University 
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{ Present address: Biology Department, 
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only after an obligatory stage of fermentation via 
the classical Embden—Meyerhof pathway. 

The presence in Saccharomyces cerevisiae of 
enzymes involved in fermentation can be readily 
demonstrated, and the enzymic equipment neces- 
sary for the oxidation of glucose via a hexose 
monophosphate (HMP) pathway is almost as well 
documented (Horecker & Mehler, 1955). Recent 
attempts to assess the relative importance in yeast 
of these two routes during glucose oxidation have 
been performed by allowing intact cells to oxidize 
[24C]glucose labelled in different positions and 
analysing the products. For example, Blumenthal, 
Lewis & Weinhouse (1954) collected the acetate 
formed during oxidation of labelled glucose and, 
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from the distribution of labelling, concluded that in 
S. cerevisiae the HMP pathway was responsible for 
the oxidation of 0-30 % of the glucose oxidized. On 
the other hand Beevers & Gibbs (1954) collected the 
carbon dioxide formed during the utilization of 
[6-14C]glucose and of [1-!4C]glucose and concluded 
that a large proportion of glucose is oxidized by 
this organism via the HMP route. 

Previous work (Eaton & Klein, 1954) had indi- 
cated that the HMP shunt is not an important 
pathway of oxidation of glucose by ‘young’ cells of 
a strain of S. cerevisiae. It has also been shown that 
such cells, although they oxidize glucose rapidly and 
completely, do not readily oxidize ethanol, pyruvate 
or acetate (Eaton & Klein, 1954; Eaton, 1955). 
Consequently it was suggested that acetate is not an 
intermediate in glucose oxidation. However, 
further experiments described in this paper suggest 
that these cells convert glucose initially almost 
compietely into ethanol and carbon dioxide, and 
that the ethanol is subsequently oxidized to acetate 
and the latter oxidized to carbon dioxide. 

Whether the glucose skeleton is cleaved by direct 
oxidation or by fermentation pyruvic acid is postu- 
lated as a common intermediate; the ultimate 
route of the degradation of pyruvic acid has been 
the subject of several investigations (cf. Krebs, 
1952). Various individual reactions of the tri- 
carboxylic acid cycle have been shown to occur in 
yeast preparations (Lynen, 1943; Foulkes, 1951; 
Novelli & Lipmann, 1950), and Nossal (1954a) has 
shown that all of the acids of the tricarboxylic acid 
cycle can be oxidized by cell-free extracts of yeast 
and furthermore that labelled acetate is incorpor- 
ated into these acids (Nossal, 1954b). Since the 
magnitude of oxygen uptake of these preparations 
was rather small, the importance of these reactions 
in the living cells might be questioned. However, 
De Moss, Swim & Krampitz (1955) and Eaton (1955) 
carried out similar experiments with intact cells 
and arrived at the conclusion that acetate oxidation 
proceeds via the tricarboxylic acid cycle. Evidence 
is presented in the present paper that the tri- 
carboxylic acid cycle is involved in the oxidation of 
glucose. ‘ 

METHODS 


Growth of organism. Saccharomyces cerevisiae, strain 
LK2G12 (Spiegelman, 1945), was used throughout the 
study. Stock cultures of the yeast were kept on slants of the 
following composition: glucose, 2%; NH,Cl, 0-1%; yeast 
extract (Difco), 0-1%; KH,PO,, 0-1m; agar, 1-5%. These 
were subcultured at intervals of 1-2 weeks. 

Cells used for experimental work were grown either in a 
medium of the above composition less agar (medium 1) or in 
Difco ‘ Yeast Nitrogen Base’ medium with 1-2 % of glucose 
added (medium 2). Aeration of the cultures was accom- 
plished either by shaking on a rotary shaker or by passing 
a vigorous stream of air through a sintered-glass disk,which 


was immersed in the medium. Unless otherwise stated, the 
cultures were incubated at 30°. ‘Young’ cells were obtained 
by harvesting the cultures before the stationary phase of 
growth; ‘old’ cells were harvested after logarithmic growth 
had ceased (Eaton & Klein, 1954). 

In general, growth from a stock slant was used as the 
inoculum. The yeast was suspended in water and a volume 
equivalent to 4-5 mg. dry wt. was added/l. of medium. 

Manometric methods. Oxygen uptake and production of 
CO, by resting-cell suspensions were measured in a con- 
ventional Warburg apparatus at 30°, with air as the gas 
phase. Carbon dioxide was determined by the ‘direct’ 
method (Umbreit, Burris & Stauffer, 1949). All determina- 
tions were carried out in 0-05mM-KH,PO,. Each flask con- 
tained a total volume of 2:2 ml. 

Chromatographic separation of acids of the tricarboxylic 
acid cycle. For the isolation of acids of the tricarboxylic 
cycle a modification of the chromatographic method of 
Swim & Krampitz (1954) was used. Since the modified 
procedure differed in several important respects, it will be 
described here in detail. 

Two major difficulties were encountered when Celite was 
used as the supporting material for the column: (1) packing 
the chromatography tube with Celite in the form of a 
slurry did not always result in a column which was even 
enough to ensure a good separation of the acids; (2) when an 
amount of aqueous phase sufficient to give good separation 
was added to the Celite, some of the aqueous phase was 
often forced out of the column along with the eluate. These 
difficulties have been overcome by using powdered cellulose 
as the supporting medium and packing the column ‘dry’ as 
described below. 

The chromatography tube was made by sealing a stop- 
cock to one end of a borosilicate tube of 15-16 mm. inside 
diameter and 35-40 cm. long. A disk of heavy blotting 
paper, slightly larger than the inside diameter of the tube, 
was pushed down against the constricted end of the tube to 
support the cellulose column. 

Cellulose powder (5 g.; Whatman standard grade) was 
thoroughly mixed in a mortar with 2-5 ml. of 0-05n-H,SO,. 
The mixture, which appeared dry, was transferred in 
portions (about 0-5 g.) to the chromatography tube. Each 
addition of cellulose powder was packed as firmly as 
possible with the end of a glass rod that had been flattened 
in such a way that it just fitted easily into the tube. After 
the last addition 50 ml. of chloroform, which had previously 
been equilibrated with 0-05n-H,SO,, was added and forced 
through the column under sufficient air pressure to result in 
a flow rate of 80-100 ml./hr. When the solvent level reached 
2-3 mm. above the level of the packed cellulose the air 
pressure was removed and the stopcock closed. The solvent 
level was never allowed to pass below the surface of the 
cellulose. 

The mixture of organic acids was acidified with a drop of 
10n-H,SO,, taken up in not more than 0-25 ml. of water and 
thoroughly mixed with 0-5 g. of cellulose powder. The 
mixture was transferred quantitatively to the top of the 
prepared column and packed with a glass rod. The rod, 
beaker and spatula used for transferring the mixture were 
wiped with a plug of glass wool, which was subsequently 
pushed down on top of the column. 

The column was developed by adding 50 ml. each of 0, 5, 
10, 15, 20, 25, 30, 35, 40 and 50% (v/v) butanol in chloro- 
form, The solvents were prepared for use by shaking with 
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10 ml. of 0-05n-H,SO, and passing the organic phase 
through a dry filter paper to remove suspended droplets of 
water. Each succeeding solvent was added just before the 
previous solvent level passed into the column. Fractions of 
2-7 ml. were collected in small test tubes containing 1 ml. of 
CO,-free water and a drop of phenol red indicator, and 
titrated with approx. 0-01N-NaOH, a microburette of the 
type described by Black (1949) being used. During the 
titration the samples were mixed by a stream of CO,-free air. 
A typical separation of several known acids is shown in 
Fig. 1. 

Lactic and succinic acids are not separated by this solvent 
system, nor are fumaric and formic acids. However, these 
mixtures may be separated by evaporating to dryness the 
fractions containing the acids and rechromatographing the 
residue on a 10 g. cellulose column, with ether as the de- 
veloping solvent (Phares, Mosbach, Denison & Carson, 
1952). Separations of these mixtures are shown in Fig. 2. 

Acids of the tricarboxylic acid cycle were extracted from 
yeast cells and prepared for chromatography in the following 
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Fig. 1. Chromatographic separation of known acids 
on a cellulose column. 
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Fig. 2. Chromatographic separation of mixtures of fumaric 
and formic and of succinic and lactic acids. 
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manner. Cells (10-15 g., wet wt.) were suspended in 5 ml. of 
water in a 250 ml. centrifuge bottle. The suspension was 
heated on a boiling-water bath for 5 min., centrifuged and 
the supernatant decanted into a 250 ml. beaker. The process 
was repeated three times, and the combined supernatants 
were neutralized (thymol blue end-point) with 4N-KOH. The 
solution was evaporated to dryness on a steam bath, after 
which the residue was acidified with 10N-H,SO,, brought to 
a total volume of not more than 2-5 ml. and mixed well with 
5 g. of cellulose powder. The mixture was packed into a 
chromatography tube and the acids were eluted with 200 ml. 
of 50% butanol in chloroform (Isherwood & Hanes, 1953). 
The eluate was neutralized with 4n-KOH, extracted four 
times with 10 ml. portions of water and the combined 
extracts were evaporated to dryness on a steam bath. The 
residue, containing a mixture of organic acids, was chromato- 
graphed as described above. A typical separation of the 
acids present in yeast cells is shown in Fig. 3. It should be 
mentioned that the «-oxo-acids («-oxoglutarate, oxalo- 
acetic, pyruvic) are destroyed by this method of preparation. 

Radioisotope techniques. [3:4-C™]Glucose was synthesized 
by the method of Zilversmit, Chaikoff, Feller & Masoro 
(1948), and was purified chromatographically (Putman & 
Hassid, 1952). Uniformly labelled [C]glucose was pur- 
chased from Tracerlab Co., Boston, Mass., U.S.A. 

All compounds to be assayed for “C were first converted 
into BaCO, by the wet-oxidation method described by 
Calvin, Heidelberger, Reid, Tolbert & Yankwich (1949). 
The precipitated BaCO, was filtered on to small filter- 
paper disks, washed with 10 ml. of water and 5ml. of 
ethanol, dried under an infrared lamp and counted with a 
Tracerlab Autoscaler, a windowless gas-flow counter being 
used. The activities were corrected for background and self- 
absorption in the usual manner. 

Radioactive CO, released during manometric experiments 
was trapped in 0-2 ml. of CO,-free NaOH (a saturated 
solution of NaOH diluted 1:3 with CO,-free water), which 
was placed with a piece of filter paper in the centre well of the 
Warburg flask. At the appropriate time, 0-1 ml. of 10N- 
H,SO, was tipped into the main compartment from a side 
arm to stop the reaction and to release bound CO,. The flask 
was allowed to continue shaking for 15 min., after which the 
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Fig. 3. Chromatographic separation of acids 
from S. cerevisiae. 
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filter paper was transferred to a clean test tube and the 
centre well was rinsed three times with CO,-free water. The 
filter paper was rinsed four times with 1-2 ml. of water, and 
this was added to the washings from the centre well, after 
which the CO, was precipitated with a solution of 0-25n- 
Ba(OH), in 0-3n-BaCl,, and the resulting BaCO, was 
filtered, washed, dried and counted as described above. 

In those experiments where large amounts of cells were 
exposed to radioactive substrates before the isolation of the 
acids of the tricarboxylic acid cycle, the CO, produced was 
trapped in 15 ml. of a 1:3 dilution of saturated NaOH. This 
was accomplished by passing a stream of CO,-free air 
through the cell suspension and dispersing the air in the 
NaOH solution by means of a sintered-glass sparger. The 
hydroxide solution was made to a total volume of 25 ml. and 
portions were assayed for C content as described above. 

Chemical determinations. Ethanol was estimated by the 
rate of reduction of diphosphopyridine nucleotide (DPN) in 
the presence of alcohol dehydrogenase. The reaction 
mixture consisted of 0-33 mg. of the enzyme (obtained from 
Mann Research Laboratories) in a total volume of 0-2 ml. 
diluted with 0-05 M-2-amino-2-hydroxymethylpropane-1:3- 
diol (tris) buffer at pH 8-5, 0-1 ml. of 0-1mM-semicarbazide, 
0-4 ml. of DPN solution (1 mg./ml.) and the sample, made to 
a total volume of 3 ml. with tris buffer, pH 8-5. The change 
in optical density at 340 mp was measured with a Beckman 
model DU spectrophotometer. 

Acetate was determined by chromatography and titration 
as described above. 

The absorption spectra of the yeast cytochromes were 
detected by means of a Hartridge reversion spectroscope 
mounted on a microscope (Slonimsky, 1953). 

DPN was obtained from the Sigma Chemical Co., St 
Louis, Mo., U.S.A. and other chemicals used were either 
reagent or analytical grade. 


RESULTS 


It was first thought that the inability of ‘young’ 
cells to oxidize acetate, ethanol and pyruvate 
might in some way be due to a deficiency of cyto- 
chromes (Slonimsky, 1953), and that glucose oxida- 
tion might be mediated in this case by a flavin- 
carrier system. However, no differences could be 
found in the cytochrome spectra of ‘young’ and 
‘old’ cells. (We are indebted to Dr H. Roman for 
assistance in comparing the cytochrome spectra of 
these cells.) 

Determination of the extent of the HMP pathway. 
Evidence has already been presented (Eaton & 
Klein, 1954) that the HMP pathway is not im- 
portant in the oxidation of glucose by this organism. 
More complete data were obtained in the present 
work. ‘ Young’ cells were allowed to oxidize glucose, 
labelled in the 3 and 4 positions with 4C, and assays 
were made for oxygen uptake and for total and 
labelled carbon dioxide released during the process 
(Fig. 4). 

The total amount of glucose metabolized aerobic- 
ally via the Embden—Meyerhof pathway by 
‘young’ cells can be estimated from these data. 
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Within 30 min. after addition of the substrate, 
approx. 85% of C-3 and C-4 of the glucose was 
released. However, during the first 30 min. only 
a small fraction of the total oxygen was consumed. 
Therefore only an extremely small amount of C-3 
and C-4 recovered in the carbon dioxide at this time 
could have arisen viaan HMP mechanism. Itshould 
be noted also that little additional carbon from the 
3 and 4 positions of glucose appeared in the carbon 
dioxide after the first 30 min. Thus about 85% 
of the added glucose was degraded to some C, 
compound before appreciable oxidation had 
occurred, with no indication that the HMP path- 
way played a significant role. 

Formation of ethanol during glucose oxidation. The 
rapid initial release of C-3 and C-4 of glucose and the 
small amount of oxygen taken up during this period 
suggested that some ethanol might be formed 
aerobically. Surprisingly, large amounts of ethanol 
were found to accumulate in the supernatant fluid 
during the early stages, and this disappeared during 
the later stages of glucose oxidation by ‘young’ 
cells. Furthermore the amount of ethanol formed 
was found to be almost equivalent, on a molar basis, 
to the amount of carbon dioxide formed from C-3 
and C-4 of glucose, as shown in Table 1. From these 
data it can be calculated that at least 85% of the 
glucose is degraded with ethanol as an intermediate. 
Since 60—70 % of the total glucose carbon can ulti- 
mately be recovered as carbon dioxide, it is 
apparent that the ethanol formed from glucose 
must be oxidized, despite the fact that ‘young’ 
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Fig. 4. Oxidation of glucose by ‘ young’ cells of S. cerevisiae. 
Each vessel contained 13-5 zmoles of [3:4-!C]glucose and 
11-3 mg. of cells previously grown in medium 1. A, Total 
carbon dioxide released; B, total oxygen taken up; C, 
carbon dioxide from C-3 and C-4 of glucose; D, endogenous 
oxygen uptake. 
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cells cannot oxidize this compound when it is 
present as the sole substrate. It can only be con- 
cluded that ‘young’ cells gain the ability to oxidize 
ethanol during the process of glucose oxidation. 

It is also of interest that for the first hour of 
glucose oxidation the total amount of carbon 
dioxide increases only slighty more than the amount 
of carbon dioxide released from positions 3 and 4 of 
glucose. During this period oxygen is being taken 
up and the ethanol, which initially accumulates, 
begins to disappear. These observations suggest 
that for the first hour or more of glucose oxidation 
under these conditions the major portion of the 
oxygen consumed is used to oxidize ethanol to the 
level of acetaldehyde or acetate, but not further. 

Acetaldehyde as an intermediate in glucose oxida- 
tion. A further investigation of the early stages of 
glucose breakdown brought to light certain subtle 
differences in the oxidative patterns of ‘ young’ cells 
depending upon the conditions of growth. As 
shown in Fig. 5, ‘young’ cells grown in a completely 
synthetic medium (medium 2) release as carbon 
dioxide about 70% of the carbon from positions 3 
and 4 of glucose. However, only 44 % of the added 
glucose could be accounted for as ethanol. In 
contrast, with cells grown in medium 1, the amount 
of carbon dioxide from C-3 and C-4 of glucose was 
essentially equal to the amount of ethanol produced 
(Table 1). Thus about 26% of the glucose was 
degraded to some C, compound that was not 
ethanol. Experiments bearing on the nature of this 
compound are reported below. 

‘Young’ cells grown in medium 2 were allowed to 
oxidize uniformly labelled glucose. The oxidation 
was stopped after various periods of time; the '4C 
content of the carbon dioxide was determined, and 
the supernatant fluid was analysed for ethanol and 
acetate (Table 2). Since essentially all of the glucose 
carbon appearing as carbon dioxide within the first 
30 min. is derived from positions 3 and 4 (Figs. 4 
and 5), it can be deduced that 4-8 pmoles of glucose 
have been metabolized in this way to yield 9-6 p- 
moles each of carbon dioxide and of C, compounds. 
However, a total of only 7-1 »moles of ethanol and 
acetate was recovered, leaving 2-5yumoles of C, 
compound unaccounted for. The amount of oxygen 
required to produce the acetate actually found is 
1-4umoles, leaving 1-1 moles in excess at that 
time. This amount is very close to that required to 
oxidize the glucose unaccounted for to 2-5 umoles of 
acetaldehyde. Thus although no attempt was made 
to identify this C, compound further, its oxidation 
level makes it appear likely that the compound may 
be acetaldehyde. 

In this connexion it should be noted that Wieland 
& Wille (1933, 1935) found traces of acetaldehyde 
accumulating during ethanol oxidation by yeast. 
One can therefore speculate that free acetaldehyde 
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Table 1. Ethanol and carbon dioxide produced 
during the oxidation of [3:4-!4C]glucose by ‘young’ 
cells 


Each flask contained 11-3 mg. of cells (from a culture 
grown for 9 hr. in medium 1), glucose (13-5moles) and 


KH,PO, (0-05). 


CO, formed (moles) 





—— — ~ Ethanol 
Time From C-3 formed 
(min.) Total and C-4 (umoles) 
15 19-1 19-5 17-5 
30 21-9 23-0 21-6 
60 23-6 22-0 13-7 
225 48-7 23-2 0 
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Fig. 5. Oxidation of [3:4-“C]glucose and ethanol production 
by ‘young’ cells of S. cerevisiae. Each vessel contained 
6-7 umoles of [3:4-C]glucose and 5 mg. of cells pre- 
viously grown in medium 2. A, Total carbon dioxide; B, 
total oxygen taken up; C, carbon dioxide from C-3 and 
C-4 of glucose; D, endogenous oxygen uptake; H, ethanol 
produced. 


Table 2. Formation of ethanol, acetate and carbon 
dioxide from [14C]glucose by ‘young’ cells 


Each vessel contained 5-5 mg. of cells (from a culture 
grown for 10 hr. in medium 2), uniformly labelled [**C}- 
glucose (5 umoles) and KH,PO, (0-05). 


Glucose carbon 
(umoles) recovered in 


Time —__—— - O, used* 

(min.) co, Ethanol Acetate (umoles) 
30 9-6 5-7 2-5 2-5 
90 13-7 0-3 12-2 12-2 

180 20-6 0 21-9 21-9 


* Endogenous subtracted. 
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represents a common intermediate in the formation 
of acetate either from glucose or from ethanol. 

Effect of fluoroacetate. Evidence that these 
breakdown products of glucose might be oxidized 
terminally by the same pathway as acetate [i.e. via 
the tricarboxylic acid cycle (Eaton, 1955)] was 
obtained, in part, by carrying out the oxidation in 
the presence of fluoroacetate. This substance, a 
rather specific inhibitor of the tricarboxylic acid 
cycle, was found to inhibit completely acetate 
oxidation in this strain of yeast. The effect of 
fluoroacetate on glucose oxidation by ‘young’ cells 
is shown in Fig. 6. The total amount of oxygen 
consumed was 236 yl., whereas 224 wl. of oxygen is 
required to oxidize this amount of glucose to the 
level of acetate. 

Relation of the acids of the tricarboxylic acid cycle to 
respired carbon dioxide. The contention that glucose 
is oxidized by way of the tricarboxylic acid cycle 
was further tested by allowing ‘young’ cells to 
oxidize uniformly labelled glucose, by isolating the 
acids of the tricarboxylic acid cycle and comparing 
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Fig. 6. Effect of fluoroacetate on glucose oxidation by 
‘young’ cells of S. cerevisiae. Each vessel contained 
5-1 mg. of cells, previously grown in medium 2, and the 
following; 0-005M-fluoroacetate (A); l0pumoles of 
acetate + 0-005 M-fluoroacetate (B); 5 wmoles of glucose + 
0-005 M-fluoroacetate (C); 5 wmoles of glucose (D). 


Table 3. Specific activities of carbon dioxide and acids 
of the tricarboxylic acid cycle formed from [#4C}]- 
glucose by ‘young’ cells 


Amount 10- x Sp. activity 
formed (counts/min./ 
Compound (»moles) mg. of C) 
CO,* 1560 2-3 
Succinate 8-75 2-3 
Malate 5-58 2-1 
Citrate 2-17 2-8 


* Carbon dioxide released between 45 and 135 min. 
Acids were analysed at 135 min. 
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the specific activity of these with that of the carbon 
dioxide produced, exclusive of the carbon dioxide 
derived by glycolysis. Since C-3 and C-4 of glucose 
are released early and before any significant 
oxidation takes place, only the “C content of that 
carbon dioxide that was produced after 45 min. was 
used for comparison with the specific activity of the 
acids. The results of an experiment of this type are 
shown in Table 3 and are entirely comparable to the 
results of similar experiments with acetate as the 
substrate (Eaton, 1955). The specific activity of the 
acids is, in all cases, as high as the specific activity of 
the carbon dioxide. Thus all of the carbon dioxide 
produced through respiration could have been 
formed from acids of the tricarboxylic acid cycle. 
In other experiments pairs of vessels were used, one 
containing [3: 4-14C]glucose and the other uniformly 
labelled glucose; carbon dioxide arising from C-1, 
C-2, C-5 and C-6 was obtained by difference. 
Ussentially the same results were obtained with this 
method. 

It is interesting that in this case little if any 
carbon dioxide is produced from the oxidation of 
endogenous material by routes other than the tri- 
carboxylic acid cycle. By contrast, cells oxidizing 
acetate (‘old’ cells) produce substantial amounts of 
carbon dioxide from endogenous sources by some 
pathway not involving the tricarboxylic acid cycle 
(De Moss e¢ al. 1955; Eaton, 1955). This difference is 
probably explained by the fact that the endogenous 
respiration of ‘young’ cells is considerably lower 
than that of ‘old’ cells. 

Adaptation to acetate oxidation during glucose 
oxidation. Since ‘young’ cells are not capable of 
oxidizing acetate rapidly when it is present initially 
as the sole substrate, the conclusion seems in- 
escapable that an adaptation to acetate oxidation 
must occur during the process of glucose oxidation. 
(The term ‘adaptation’ is used here to denote the 
acquisition of an increased ability to oxidize certain 
compounds, with no implications as to the mech- 
anism involved. However, recent preliminary 
experiments have shown that p-fluorophenyl- 
alanine, an inhibitor of protein synthesis (Halvorson 
& Spiegelman, 1952), prevents acetate oxidation, 
thus suggesting that enzyme synthesis is involved in 
this process.) According to this hypothesis, 
‘young’ cells should be fully adapted to acetate 
oxidation after the oxidation of glucose. 

In order to gain information on whether adapta- 
tion actually occurs, ‘young’ cells were removed 
from Warburg vessels at various times during the 
course of glucose oxidation and the ability of these 
cells to oxidize acetate was determined. The results 
of this experiment are shown in Fig. 7, from which it 
is evident that the ability of the cells to oxidize 
acetate does in fact increase during glucose oxida- 
tion. 
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Further evidence that the truly oxidative phase 
of glucose oxidation is an adaptive process came 
from studies with arsenate, a compound known to 
interfere with the generation of high-energy phos- 
phate bonds (Meyerhof, Ohlmeyer & Mohle, 1938) 
and, consequently, with adaptive-enzyme formation 
(Reiner, 1948). 

Fig. 8 shows that whereas 0-02 M-arsenate com- 
pletely prevented adaptation of ‘old’ cells to 
galactose oxidation glucose utilization was un- 
affected. The latter observation is not unexpected, 
since ‘old’ cells appear to be completely adapted to 
glucose utilization. With ‘young’ cells (Fig. 9) the 
same concentration of arsenate effectively inhibited 
glucose oxidation. 


DISCUSSION 


Although much significance has recently been 
attached to the hexose monophosphate pathway as 
a major route of glucose oxidation by yeasts, no 
evidence for such a mechanism as a major oxidative 
route was found in the strain of yeast used here. 
Virtually all of the glucose ultimately oxidized to 
carbon dioxide is first fermented, apparently via the 
Embden—Meyerhof pathway. This conclusion is 
based on the fact that 80-90 % of C-3 and C-4 of the 
added glucose appears as carbon dioxide before any 
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Fig. 7. Oxidation of acetate by ‘ young’ cells of S. cerevisiae 
after oxidation of glucose for increasing periods of time. 
Cells were grown in medium 1 for 9-75 hr. After washing, 
9-6 mg. of cells was suspended in each of several vessels 
and allowed to oxidize 5 wmoles of glucose or 10 wmoles of 
acetate. After 30, 60 and 135 min., the cells in glucose 
were removed, washed once and resuspended with 
10 wmoles of acetate. A, Initial rate of acetate oxidation; 
B, acetate oxidation after 30 min. with glucose; C, acetate 
oxidation after 60 min. with glucose; D, acetate oxidation 
after 135 min. with glucose. Oxidation of glucose is 
given by curve EF, and endogenous oxygen uptake by 
curve F. 
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significant amount of oxygen uptake has occurred. 
There is virtually no further release of C-3 and C-4 
of glucose during the later stages of oxidation, and it 
must be concluded that glucose is oxidized only 
after it is initially degraded to C, compounds. 

It has been shown that in ‘young’ cells harvested 
from a yeast extract-ammonium chloride medium, 
glucose is respired almost exclusively by way of 
ethanol. Cells grown in a synthetic medium, 
however, accumulate relatively large amounts of 
acetate and apparently some acetaldehyde, as well 
as ethanol, during the early stages of ‘glucose 
oxidation’, and it seems unlikely that in the latter 
case all of the C, units derived from glucose are first 
reduced to ethanol before being oxidized. 

Regardless of these minor differences in the kinds 
of C, compounds formed initially from glucose, it 
can be stated that glucose (or its phosphate ester) is 
not oxidized directly by this strain of yeast. Data 
have been presented showing that after glucose is 
degraded to C, units, most, if not all, of these are 
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Fig. 8. Effect of arsenate on glucose and galactose oxida- 
tions by ‘old’ cells of S. cerevisiae previously grown in 
medium 1. Each vessel contained 9-5 mg. of cells. A, 
Oxidation of 10yumoles of glucose in the presence of 
0-02M-arsenate; B, oxidation of 10umoles of glucose; 
C, oxidation of 1 pmole of glucose + 10 umoles of galactose ; 
D, oxidation of 1 pmole of glucose + 10 umoles of galactose 
in the presence of 0-02M-arsenate; ZH, endogenous oxygen 
uptake; F, endogenous oxygen uptake in the presence of 
0-02 M-arsenate. 
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oxidized initially to free acetate. Weinhouse, 
Millington & Lewis (1948) presented evidence 
indicating that a large part of the glucose oxidized 
by Saccharomyces cerevisiae involves acetate as an 
intermediate. Our results confirm this observation 
and show further that at least part of the respired 
glucose may be oxidized by way of the tricarboxylic 
acid cycle. Moreover, since ‘young’ cells cannot 
oxidize acetate initially an adaptation to oxidation 
by way of the tricarboxylic acid cycle must occur 
during glucose oxidation. 

Harlier experiments (Eaton & Klein, 1954) had 
indicated that adaptation to acetate oxidation did 
not occur during the oxidation of glucose. This 
interpretation was based on the fact that the oxygen- 
uptake curves with both glucose and acetate present 
showed a secondary lag or ‘break’ which corre- 
sponded approximately to the level of oxygen 
taken up with an equivalent amount of glucose 
alone. Re-examination of these data showed that 
this ‘break’ occurs only with cells grown in a 
synthetic medium (cf. Eaton, 1955). Further, an 


initial indistinct ‘break’ occurs after an amount of 


oxygen equivalent to the oxidation of glucose to 
the level of acetate, after correction for the low 
level of acetate oxidation has been consumed. After 
this ‘break’, the cells are able to oxidize acetate 
rapidly. The reason for the differences observed 
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Fig. 9. Effect of arsenate on glucose oxidation by ‘young’ 
cells of S. cerevisiae. Each vessel contained 6 mg. of cells 
previously grown in medium 1. A, Oxidation of 10 zmoles 
of glucose; B, oxidation of 10 moles of glucose in the 
presence of 0-02m-arsenate; C, endogenous oxygen 
uptake; D, endogenous oxygen uptake in the presence 
of 0-02m-arsenate. 
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with cells grown in a synthetic medium and in a 
‘natural’ medium are not known. 

At the present time, the most plausible explana- 
tion seems to be that the adaptation involves the 
synthesis of enzymes of the tricarboxylic acid cycle. 
This contention is based on the effect of arsenate in 
preventing glucose oxidation; on the observation 
reported earlier (Eaton & Klein, 1954) that cells 
unable to oxidize acetate show a markedly lower 
content of enzymes of the tricarboxylic acid cycle 
than cells that are capable of oxidizing this sub- 
strate; and also on the observed (Eaton, 1955) 
increases in certain of these enzymes in resting-cell 
suspensions during glucose oxidation. 


SUMMARY 


1. During the aerobic degradation of glucose by 
resting cells of Saccharomyces cerevisiae 80-90 % of 
the carbon from positions 3 and 4 of glucose was 
converted into carbon dioxide, and almost all of 
the remaining carbon was found as ethanol at a 
time when oxygen consumption had barely begun. 
It is concluded that the oxidation did not proceed 
by the hexose monophosphate pathway to any 
significant extent. 

2. As oxygen uptake continued, ethanol dis- 
appeared and acetate accumulated. (With cells 
grown in a synthetic medium, material of the oxida- 
tion level of acetaldehyde also appeared as an inter- 
mediate in glucose degradation.) 

3. The further oxidation of these C, compounds 
was inhibited by fluoroacetate, which suggests 
participation of the tricarboxylic acid cycle. This 
contention is confirmed by the finding that, when 
labelled glucose was oxidized, the specific activity 
of the carbon dioxide produced from C-1, C-2, C-5 
and C-6 was comparable with that of cycle acids 
isolated from the cells. 

4. The oxidation of accumulated acetate is 
adaptive in nature; its rate increased during glucose 
degradation. Arsenate inhibited the oxidation of 
glucose to carbon dioxide, presumably by pre- 
venting adaptation to acetate oxidation. 

The work reported here was taken in part from a thesis 
submitted to the Graduate School of the University of 
Washington in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy by N. R. Eaton. The authors 
acknowledge support by grants from State of Washington 
Funds for Medical and Biological Research and from the 
National Heart Institute of the United States Public Health 
Service (Grant H-1939). 
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The Accumulation of Iodide by Fucus ceranoides 


By H. G. KLEMPERER* 
Pathology Laboratory, Royal Victoria Hospital, Netley, Hants 


(Received 6 May 1957) 


The high concentrations of iodide found in certain 
algae suggest that these plants have 
mechanisms for accumulating iodide from sea 
water (e.g. Jacques & Osterhout, 1938). The uptake 
of radioactive iodide has been demonstrated in 
Ascophyllum nodosum (Kelly & Baily, 1951; Kelly, 
1953), Laminaria flexicaulis (Roche & Yagi, 1952) 
and Nereocystis luetkeana (Tong & Chaikoff, 1955). 
In work described in the present paper the uptake of 
radioactive iodide by Fucus ceranoides from sea 
water appears to involve both a carrier mechanism 


marine 


and binding of the ion within the tissue. 


tX PERIMENTAL 


Special chemicals. Iodide, perchlorate, thiocyanate and 
nitrate were all used as solutions of their potassium salts. 
Carrier-free radioactive iodide (#*1I-) in 0-01N-sodium 
thiosulphate from the Radiochemical Centre, Amersham, 
was diluted with water. Samples of 3-iodo-L-tyrosine and 
3:5-di-iodo-L-tyrosine were dissolved in n-butanol for use as 
marker substances on paper chromatograms. Solutions of 
2:4-dinitrophenol (DNP) in 0-025n-NaOH and p-chloro- 
mercuribenzoate in 0-1N-NaOH were neutralized with HCl 
before use. Methylthiouracil was dissolved in 0-1N-NaOH 
and added to media containing equivalent amounts of HCl. 
Solutions of 2-mercapto-l-methylimidazole were made in 


* Present address: National Institute for Medical Re- 
search, Mill Hill, London, N.W. 7. 


water. Sea water was filtered through Whatman no. 1 
paper before use. It was assumed to have the usual iodide 
content of about 5yug./100 ml. Artificial sea water was pre- 
pared according to Lyman & Fleming (1940). 

Tissue preparation. Fucus ceranoides was collected at low 
tide from the shore of Southampton Water. Portions of the 
fronds from the region between 3 and 25 mm. behind the 
growing tip were cut into fragments of 10-20 mg. fresh wt. 
This tissue was washed eight times with filtered sea water, 
spread on filter paper for 30 sec. to remove excess of moisture 
and portions were weighed out for experiments. The dry 
weight of the tissue was 10-15 % of the fresh weight. 

Incubation procedures. All experiments (except measure- 
ments of oxygen uptake) were performed at room temper- 
ature (15—-18°), which remained constant during individual 
experiments. The medium in all cases consisted of at least 
90 % (v/v) sea water. The concentration of thiosulphate due 
to 431[~ added to the medium did not exceed 10um. Even 
1000 um-thiosulphate had no effect on uptake of I". 

In experiments in which the radioactivity in the medium 
was measured at successive times (Tables 1 and 2) 2 g. of 
tissue was added to 50 ml. of medium in a 250 ml. flask. 
Except where inhibitors were allowed to act for longer 
periods, 2-5 uc of 11” was added within 10 min. of mixing 
tissue and medium, and the flask placed on a shaker. 
Portions of the medium were decanted at intervals for 
measurement of radioactivity and then returned to the 
flask. In other experiments (except in Fig. 1, Expt. C) 
incubation was started by mixing the complete medium with 
the tissue. For comparison with uptake of thiocyanate, the 
uptake of I~ by 3 g. of tissue was measured from 7-5 ml. of 
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medium. The uptake of I” in duplicate flasks did not 
differ by more than 5% in the experiments reported in 
Tables 1 and 2 nor by more than 2% in other experiments. 

The loss of I” from the tissue under conditions of 
uptake of iodide was measured as the radioactivity appear- 
ing in media shaken with tissue which had previously been 
incubated in the presence of I~. 

When tissue was washed free of perchlorate and thio- 
cyanate it was shaken three times for 5 min. with 50 ml. of 
sea water. 

Uptakes of thiocyanate and ™!I” were compared by 
shaking 3 g. (fresh wt.) of tissue with 7-5 ml. of medium 
consisting of sea water to which was added either thio- 
cyanate or iodide and ™ I. Thiocyanate was added only 
after the tissue had been incubated with sea water for 10 min. 
in order to diminish its natural iodide content. At the end of 
incubation the medium was decanted for thiocyanate 
estimation or measurement of radioactivity. Data from 
duplicate vessels did not differ by more than 5%. 

The release of I” from the tissue by heating was 
measured by the increase of radioactivity in the medium 
after heating the flask for 2-5 min. in a boiling-water bath, 
during which time the temperature of the flask contents 
rose to about 95°. When *!I" was released from the tissue by 
trichloroacetic acid (TCA), 10 ml. of 30% (w/v) TCA was 
added to 50 ml. of medium at the end of incubation and the 
radioactivity in the supernatant measured 2-3 hr. later. 

Oxygen uptake was measured in the dark in Warburg 
manometers at 22° after equilibration for 10 min. Conical 
Warburg flasks contained 3 ml. of medium and 0-4 g. of 
tissue (fresh wt.) in the main compartment and 0-2 ml. of 
2n-NaOH and filter paper in the centre well. The rate of 
oxygen uptake in duplicate flasks did not differ by more 
than 7%. 

Measurement of radioactivity. A beta-counter tube 
(liquid, type M6, 20th Century Electronics Ltd.) was used. 
In experiments in which the radioactivity in individual 
flasks was measured at successive times (Tables 1 and 2) the 
radioactivity in 10 ml. of medium was measured for 1 min. 
In other experiments the radioactivity was measured for 
a time sufficient to give a standard counting error of less than 
+1%. 

Chrematography. Chromatograms of material containing 
131] were run in both the collidine and butanol-acetic acid 
solvents of Taurog, Tong & Chaikoff (1950), with Whatman 
no. 1 paper. In all cases I” added to similar material 
derived from tissue incubated in the absence of !#4I” served 
as a control. Tissue treated with TCA was used for chromato- 
graphy either as a finely ground suspension or was first 
hydrolysed with 10% (w/v) Ba(OH),,8H,O for Shr. at 
100°, and the pH adjusted to 2 with n-HCl, and extracted 
with n-butanol. Chromatograms were prepared from the 
butanol extract with and without the addition of mono- or 
di-iodotyrosine. Radioactive areas on the chromatograms 
were detected by exposing the paper to Kodak Code 6 
X-ray film for 1-5 days. The film was then developed in 
Ilford ID-19 developer and fixed with Ilford IF-9 fixing salt. 
To identify the position of the added amino acids the 
chromatograms were sprayed with 0-25 % (w/v) ninhydrin in 
water-saturated n-butanol and heated in an oven at 150°. 

Iodide estimation. The medium was filtered and stored at 
0°. After centrifuging for 30 min. at 2000 g, iodide in the 
medium wasestimated by the method of Rogina & Dubravcic 
(1953). Standards were prepared by adding known concen- 
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trations of iodide to sea water which had previously been 
incubated with tissue for the same time as the test medium. 
Duplicate estimations did not differ by more than 2%. 

Iodide was also estimated by making use of the fact that 
the rate of uptake of 11" by the tissue depends on the iodide 
concentration in the medium. Test media and standards 
prepared as for chemical estimation were incubated with 
fresh tissue and 11, The rate of uptake of I" in duplicate 
vessels did not differ by more than 5%. The results by this 
method agreed with those of chemical estimation. 

Thiocyanate estimation. A 5 ml. sample of the medium 
was centrifuged after the addition of 1 ml. of 30% (w/v) 
TCA. Thiocyanate in the medium was estimated by the 
method of Aldridge (1945) when the concentration was less 
than 10um. Higher concentrations were either diluted or 
estimated by a modification of the method of Bowler (1944), 
in which 5 ml. of 0-2m-FeCl, in 2% HNO, was added to 
5 ml. of TCA supernatant. Sea water which had previously 
been incubated with tissue under the same conditions as the 
medium containing thiocyanate was used as a blank and for 
preparing standards. 

Expression of results. The radioactivity taken up by the 
tissue or recovered in the medium is expressed as a per- 
centage of the total radioactivity added to the flask. The 
percentage of the total radioactivity taken up by the tissue 
is calculated as 100 minus the percentage of the total radio- 
activity remaining in the medium. 


RESULTS 


Uptake of ™ I from sea water. F. ceranoides 
tissue incubated aerobically at room temperature in 
sea water without added substrate rapidly took up 
131J” (Table 1). After 15 min. 2 g. of tissue had taken 
up about 50% of the radioactivity in 50 ml. of sea 
water, so achieving a concentration of radioactivity 
in the tissue about 25 times higher than in the 
medium. Tissue which had been heated for 2-5 min. 
in a boiling-water bath was permeable to I, but 
the concentration of radioactivity in the tissue did 
not rise above that in the medium. The rate of 
uptake of I" by fresh tissue was diminished by 
about half by cooling to 0° and by the presence of 
100 pm-cyanide, 10 uM-2:4-dinitrophenol (DNP), or 
50 pM-p-chloromercuribenzoate. It was also found 
that the rate of uptake of “1I~ was independent of 
illumination but was much slower in artificial sea 
water, with or without traces of added iodide, than 
in natural sea water. 

In other experiments the oxygen uptake of fresh 
tissue remained constant for at least 1-1-5 hr. with 
a Qo, (pl. of O,/mg. dry wt. of tissue/hr.) of approx. 
1-5-2, and was unaffected by p-chloromercuri- 
benzoate at concentrations up to 200M, but was 
inhibited (80%) by 1000 um-cyanide and increased 
(50%) by 50 um-DNP. 

Effect of added iodide on uptake of 11. The rate of 
uptake of #11 from sea water was reduced by adding 
iodide (Table 2A) and above a concentration of 
200 um there was no measurable uptake of radio- 
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Table 1. Uptake of **I" from sea water by Fucus ceranoides tissue 
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Fucus tissue (2 g.) was incubated with 50 ml. of sea water containing added I", and the radioactivity in the super- 
natant measured at 15 min. intervals. Temp., 18°, except in flasks incubated on ice at 0°. Tissue was inactivated by 
heating for 2-5 min. in a boiling-water bath. Inhibitors were added to the tissue 20 min. before beginning incubation 
with #11". : eal Ne P 

Radioactivity in tissue at times shown 


Conen. of (% of total added) 





inhibitor - —_ ——, 

Conditions (uM) 15 min. 30 min. 45 min. 60 min. 
Control — 50 71 81 84 
Incubated at 0° — 21 38 48 54 
Heat-inactivated — 3 3 + 3 
eee { 100 21 38 48 56 
Cyanide added | 1000 il 24 33 38 
re ( 10 36 50 63 68 
Dae sated | 100 19 23 30 36 
p-Chloromercuribenzoate added 50 26 41 51 55 


Table 2. Effect of added iodide on uptake of 11 


Details are as for the control in Table 1 except that iodide was added to the medium either at the start of incubation 
(A) or after incubation for 30 min. (B). Temp., 17°. 


Conen. of Radioactivity in tissue at times shown 








added (% of total added) 
iodide a Sa A ry 
Expt. (uM) 15 min. 30 min. 45 min. 60 min. 75 min. 
A 0 60 78 89 90 —- 
5 25 43 56 67 — 
10 15 29 40 48 — 
50 6 8 11 16 oa 
200 2 3 + 3 — 
B 0 44 63 72 78 81 
5 44 63 58 62 66 
200 At 63 48 41 36 


activity by the tissue from the medium. With con- 
centrations up to 1000 um of added iodide there was 
no effect on the respiration. 


Table 3. Net wptake of iodide by 
Fucus ceranoides tissue 


Combined data from three experiments showing radio- 
activity and iodide concentration remaining in the super- 
natant after 2 g. of tissue had been incubated for various 
times with 50 ml. of sea water containing #°4I~ and a known 
initial concentration of added iodide. Iodide was in all 
cases estimated chemically. The calculation of the iodide 
concentration remaining was based on the assumption that 
the specific activity of iodide in the medium remained 
constant and that the natural iodide content of sea water 
was negligible. 

Concn. of iodide in 
supernatant after 

incubation (Mm) 


Initial 
conen. of 


Radioactivity in 
supernatant after 


added iodide incubation ———— ——_—, 
(uM) % of total added) Cale. Found 
2-5 66 1-7 1-7 
5 47 2-4 2-3* 
5 { 55 28 3 
31 1-6 1-6 
10 57 5-7 5:8 


1, -Lodide was also measured by the rate of uptake of 
I” by fresh tissue. The latter rate was intermediate 

between the rates of uptake from comparable media con- 

taining 2-25 and 2-5 uM concentration of added iodide. 


When iodide was added after the beginning of 
incubation (Table 2B) radioactivity was released 
from the tissue in a form chromatographically 
similar to inorganic iodide. This release of 1] 
when brought about by adding 5 M-iodide, was 
followed by a further net uptake of *!I” by the 
tissue. Iodide concentrations above 200 um caused 
a progressive release of *1I" from the tissue, the 
greater part of which occurred within 15 min. of 
adding iodide. Only small additional amounts of 
radioactivity were lost after 45min. In other experi- 
ments all concentrations of iodide above 200 um 
released I" at about the same rate, 40-50% of 
the tissue radioactivity being lost in 45 min. 

Net uptake of iodide. Estimation of iodide in the 
medium showed that the tissue took up iodide 
during incubation. The concentration of iodide 
remaining after incubation, as found by chemical 
estimation, was the same as calculated from the 
percentage of the total radioactivity remaining in 
the medium, assuming that the specific activity of 
the iodide had not changed (Table 3). This was 
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confirmed in other experiments in which the con- 
centration of iodide in the medium was measured by 
the rate of uptake of “I” by fresh tissue. In the 
following experiments it is therefore assumed that 
the uptake of a certain percentage of the radio- 
activity represents the uptake of an equal percent- 
age of the iodide in the medium. 

Variation of initial rate of uptake of iodide with 
iodide concentration. The initial rate of uptake of 
iodide by the tissue (v) varied with the initial con- 
centration of iodide in the medium (s) in a manner 
such that the plot of s/v against s was a straight line, 
as if the rate of uptake depended on a reversible 
combination of iodide with a site in the tissue 
(Lineweaver & Burk, 1934). Fig. 1 shows the 
results of experiments which together extend over 
the concentration range 1-20 ym of added iodide. 
At higher concentrations the rate of uptake of 1I~ 
was too slow for accurate measurement. In several 
different experiments the calculated maximum 
velocity of uptake of iodide varied between 0-25 and 
0-45 mole of iodide/g. of fresh tissue/hr., but 
approximately constant values were found for the 
quantity K,,, (iodide concentration at half-maximum 
velocity of uptake). The values of K,, in Expts. A 
and B (4-8 and 4-7 .M) become approx. 4-3 um if sea 
water is assumed to contain 0-5yM-iodide (K,, 
calculated from the value of s/v when concentration 
of added iodide = — 0-5 yum). 

These experiments had to be of sufficient duration 
to permit the uptake of a significant amount of 
radioactivity at high concentrations of iodide, but 
this meant that the radioactivity in the media with 
low concentrations of iodide diminished by as much 
as 50%. In Expt. C therefore the volumes of media 
with low concentrations of iodide were increased so 
that in all cases only about 20 % of the radioactivity 
was taken up, and the overall rate of uptake at low 
iodide concentrations approximated more closely 
to the initial velocity. This experiment was per- 
formed in such a way that much of the iodide 
occurring naturally in sea water had been removed 
by the tissue before the beginning of incubation 
with I. The K,,, value of 4-3 ym should therefore 
be compared with the corrected value (approx. 
4-3 um) for Expts. A and B. 

Loss of ™'11° from the tissue under conditions of 
uptake of iodide. When tissue which had been incu- 
bated in a medium containing ™!I” was placed in 
a similar medium without !1I, radioactivity from 
the tissue appeared in the latter medium. This 
radioactivity was not extractable into carbon tetra- 
chloride and behaved in the same way as inorganic 


iodide on paper chromatograms. The amount of 


131] so transferred reached a maximum in about 15 
or 30 min. depending on the duration of the previous 
incubation with ™1I, and then diminished as it was 
again taken up by the tissue (Table 4). 
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Concn. of added iodide (1M) 


Fig. 1. Variation of initial rate of uptake of iodide with 
iodide concentration. Media containing I” and added 
iodide were incubated at 17° with 2 g. of tissue. Averages 
of duplicate data are plotted according to Lineweaver & 
Burk (1934). The initial rate of iodide uptake (v) is given 
by the amount of iodide taken up during a constant time. 
Since v is proportional to the initial iodide conen. in the 
medium (s) multiplied by % of total radioactivity taken 
up, 1/(% of total radioactivity taken up) is plotted as the 
ordinate instead of s/v. In all cases ‘% of total radio- 
activity taken up’ is expressed as the % taken up from 
50 ml. of medium. The concen. of added iodide is plotted 
as the abscissa instead of the actual initial iodide concn. s. 
In this way data can be plotted directly and the conen. of 
iodide normally present in sea water neglected. Straight 
lines were fitted by the method of least mean squares. In 
Expt. A (K,,, =4-8 uM), tissue was incubated with 50 ml. of 
medium for 10 min. Expt. B (K,,=4:7 uM) was similar 
except that incubation was for 30 min. and that the 
volume of medium in the flask with the lowest iodide 
conen. (2-5um) was 100 ml. In this flask 40% of total 
radioactivity was taken up, which was assumed to be 
equivalent to 80% taken up from 50 ml. In Expt. C 
(K,, =4:3 uM), iodide and I~ were added together to 
tissue already suspended in sea water and incubation was 
continued for 10 min. ; 17-22 % of total radioactivity was 
taken up in all flasks since the volumes of medium were 
100, 75, 50 and 50 ml. in flasks containing respectively 
1, 3, 6 and 9M concen. of added iodide. For flasks con- 
taining 100 or 75 ml. of medium the value for ‘% of total 
radioactivity taken up from 50 ml.’ was derived as in 

ixpt. B. 
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Table 4. Loss of 11” under conditions of net wptake of iodide 


Tissue (2 g.) and 50 ml. of medium containing added iodide as indicated were incubated at 17° either with or without 
181], After 5 or 30 min. the supernatant was decanted from those flasks which contained I~. The tissue in these flasks 
was washed by shaking for 10 sec. with the supernatant from a similar flask without added ™'I-, and then incubated in 
a medium identical with that used for the washing procedure. The radioactivity which appeared in this medium is ex- 
pressed as percentage of the total radioactivity originally added. 


— 


Radioactivity in initially non-radioactive 
Time medium at times shown 
incubated 


Conen. 


Radioactivity 
of added 


' added iodide inhibitor (% of total (% of uptake 
Inhibitor (um) (uM) added) in control) 
KCIO, 2-5 0 22 100 
0-5 13 59 
1 10 45 
10 0 17 100 
2 10 59 
ith =| 4 8 47 
led | Sat ss 
yes KSCN 2-5 0 34 100 
~& 100 19 56 
; 200 15 44 
ren > 
a, 10 0 28 100 
the 400 15 54 
800 11 39 
cen 
the 
io The initial rate of release of “1I- from the tissue, 8000 »mrespectively, had no effect on the respiration 
om ° ° . - . . 7 - 
ted as given by the amount lost in the first 5 min., did _ of the tissue. 
8 not decrease as the percentage of the radioactivity Table 5 shows that when the concentrations of 
of remaining in the medium decreased. It is therefore added iodide and of perchlorate or thiocyanate were 
cht unlikely that the loss of “I” took place from the increased by the same proportionate amount the 
In intercellular spaces of the tissue. The amount of percentage inhibition of uptake of I remained 
. of 131] Jost in the first 5 min. was small compared with about the same. Other experiments showed that the 
lar the total amount of I~ added initially, but was effect of the inhibitors was the same whether they 
a“ a fairly large proportion of the radioactivity taken were added to the tissue together with iodide or 
a , up by the tissue and the initial rate of loss of }1] beforehand and that the inhibition was reversible, 
ta . > a9 ° °, ° . « 
. was scarcely affected by the amount of I~ which because after washing with sea water the tissue 
0 had been taken up by the tissue. took up ™!I" at the same rate as an untreated 
to Inhibition of iodide uptake by perchlorate, thio- control. These results suggest that perchlorate, 
vas cyanate and nitrate. Perchlorate (0-lyuMm), thio- thiocyanate and perhaps nitrate act as competitive 
vas cyanate (10M) and nitrate (1000 .m) reduced the _ inhibitors of uptake of iodide. 
ere rate of uptake of I” from sea water by about The effects of the three inhibitors were compared 
ely } 50%. Higher concentrations of all three ions were _ in the presence of 20 um-iodide (Table 6). If n is the 
a required to inhibit uptake of 1*1I~” when iodide was rate of iodide uptake in the presence of a com- 
i added. However, these ions, when tested in other petitive inhibitor (expressed as a percentage of the 


in tissue 


(% of total added to radioactive medium) 


} iodide with 11] (% of total —— — — ——___—_—_ 
(uM) (min.) added) 5 min. 15 min. 30 min. 45 min. 
0 5 23 1-5 2-0 1-4 1-2 
30 69 1-6 3-2 4-3 3-2 
10 5 5 1-2 1-6 1-5 1-3 
30 21 1-5 2: 3-4 3-2 


Table 5. 


Inhibitor, iodide and I" in 50 ml. of medium were added to 2 g. of tissue in flasks on a shaker. The supernatant was 
decanted for estimation of radioactivity after incubating at 18° for 10 or 20 min. (added iodide conen. 2-5 or 10 um 


respectively). 


Conen. of 


experiments at concentrations up to 500, 2000 and 


25 


Conen. of 


Radioactivit 
in tissue 


Inhibition of uptake of iodide by perchlorate and thiocyanate 


Uptake of 
radioactivity 
y in the presence 
of inhibitor 


control rate) the expression (n/100—7) x (inhibitor 
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conen./iodide conen.) is equal to the ratio (inhibitor 
conen.:iodide conen.) at 50% inhibition. In 
Table 6 this expression gives only approximately 
constant values, perhaps because it assumes that the 
combining site is saturated, whereas 20 .M-iodide 
corresponds to about 80% saturation only. How- 
ever, the results indicate that the affinity for the 
combining site decreased in the order perchlorate, 
thiocyanate, nitrate. 

Release of I from tissue by perchlorate and 
thiocyanate. The addition of perchlorate or thio- 
cyanate to tissue which had been incubated with 
1311” released radioactivity from the tissue in a form 
chromatographically similar to inorganic iodide. 
Thiocyanate released more ™1I in this way than 
did perchlorate but the effect of both ions was 
reduced by raising the iodide concentration 
(Table 7). Thus 400 um-perchlorate or -thiocyanate 
apparently released only small amounts of radio- 
activity from tissue which had taken up ™1I" from 
sea water containing 2-5 um-iodide. 

Uptake of thiocyanate. Fucus tissue rapidly took 
up thiocyanate from sea water. The greater part of 
this uptake occurred in the first 5-10 min., and 
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after 30 min. the rate of uptake was very slow. 
Table 8 shows that at all concentrations tested the 
tissue took up about two-thirds as much thio- 
cyanate as iodide in 30 min. ; at the lower concentra- 
tions the ratio (tissue conen.:medium conen.) was 
considerably less for thiocyanate. 

Form of radioactivity in the tissue. When tissue 
which had taken up 1°11" was heated for 2-5 min. in 
a boiling-water bath or treated with 5% TCA, the 
radioactivity within the tissue was released in a 
form which behaved on paper chromatograms in the 
same way as inorganic iodide. Although heating 
appeared to release all the radioactivity, a pro- 
portion, increasing in amount with the duration of 
previous incubation, was retained after adding TCA 
(Table 9), and was released as iodide only by heating 
in a boiling-water bath. 

Chromatograms of finely ground TCA-treated 
tissue showed radioactivity both in the form of 
and in material which remained at the 
origin. After hydrolysis of similar material with 
barium hydroxide almost all the radioactivity 
behaved like inorganic iodide, but chromatography 
of butanol extracts showed traces of radioactivity 


iodide 


Table 6. Inhibition of uptake of iodide by perchlorate, thiocyanate and nitrate 
Table 6. Inhibit »f uptake of iodide by perchlorate, thioci t 1 nitrat 


Details are as in Table 5 except that all flasks contained added iodide (20 um) and were incubated for 40 min. at 16°. 
The expression n/(100 — 7) x (inhibitor conen./iodide concen.) gives the relative affinity of iodide or inhibitor for a com- 
bining site involved in uptake of iodide, where is the rate of iodide uptake in the presence of the inhibitor expressed as 
a percentage of the control rate (e.g. Krebs, Gurin & Eggleston, 1952). 


Radioactivity 


Conen. of 
inhibitor (7) 


in tissue (v) 
(% of total 


(5 x 100) | cae ) 


Inhibitor (uM) added) (n) (100 —n ° 20) 
— — 25 100 — 
KCIO, 2 15 60 0-15 
4 ll 44 0-16 
8 8 32 0-19 
KSCN 400 13 52 21-6 
800 9 36 22-5 
1600 7 28 31-2 
KNO, 4000 19 76 635 
8000 16 64 710 


Table 7. Release of 11° from tissue by perchlorate and thiocyanate 


Tissue (2 g.) was incubated at 15° with 50 ml. of sea water containing “I and in some cases added iodide as shown. 
After 30 min. 400 um-perchlorate or -thiocyanate was added. Release of *1I” is shown by the fall of radioactivity in the 


tissue as compared with the amount at 30 min. 


Conen. of 


Radioactivity in tissue at times shown 





added Inhibitor (% of total added) 
iodide added after —— — _ _ 5 
(uM) 30 min. 15 min. 30 min. 45 min. 60 min. 75 min. 
0 —_ 48 72 83 86 86 
KCIO, 48 72 69 67 63 
KSCN 48 72 64 57 55 
2-5 -— 26 46 60 70 75 
KCIO, 26 46 46 45 45 
KSCN 26 46 46 45 44 
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Table 8. Comparison of uptake of thiocyanate and iodide 
Thiocyanate or iodide plus ™'I in 7-5 ml. of medium was incubated with 3 g. of tissue for 30 min. at 15°. Thiocyanate 
was added only after the tissue had been previously incubated with sea water for 10 min. Tissue concen./medium concn. is 
taken as (7-5 x % in tissue)/(3 x % in medium). 


lodide 
ere eee Thiocyanate 
Conen. of In tissue $$ —$__A~—_______, 
added iodide (% of total ed In tissue on 

or thiocyanate radioactivity Tissue concn. (% of total Tissue conen. 
(uM) added) Medium concn. added) Medium concen. 

2-5 98 122 65 5 

10 96 60 50 3 

50 55 3 34 ] 

500 30 1 21 ] 


Table 9. Release of I" from tissue by heating or with trichloroacetic acid 


Flasks containing 2 g. of tissue and 50 ml. of medium composed of sea water and '!I” were incubated at 18° for the 
times shown. Radioactivity in the supernatant was measured before and after either heating the flasks for 2-5 min. in 
a boiling-water bath or adding 10 ml. of 30% (w/v) TCA. Recovery of 96% of the total radioactivity in the supernatant 
after heating and 97% after adding TCA indicates an approximately similar concentration of radioactivity in tissue and 


medium. . a2 re 
Radioactivity (% of total added) 


t ee ee ae ae ae ee 
After treatment 

Time In tissue oO 

incubated after In Retained 

Treatment (min.) incubation supernatant by tissue 
Heated 0 0 96 0 
15 56 96 0 
30 70 96 0 
45 76 96 0 
TCA 0 0 97 0 

15 53 90 

30 73 87 10 
5 78 85 12 


Table 10. Effect of methylthiouracil and 2-mercapto-1-methylimidazole on the accumulation 
of trichloroacetic acid-stable form of radioactivity 


Details are as in Table 9 except that 4000 um-methylthiouracil or -2-mercapto-1-methylimidazole was added to flasks 
other than the control and that TCA was added to all flasks. After incubation for 45 min. the tissue had in all cases 


taken up 95% of the total radioactivity added. ; sa 

: Radioactivity found 
after adding TCA 
(% of total added) 





Time — 


incubated In Retained 
Inhibitor (min.) supernatant by tissue 
_ 0 97 0 
—_ 45 90 7 
Methylthiouracil 45 96 1 
2-Mercapto-1-methylimidazole 45 97 0 
of similar R, to those of added mono- and di- of the TCA-stable form of radioactivity (Table 10). 


iodotyrosine. 
Effect of methylthiouracil and 2-mercapto-1-methyl- 


imidazole. Both the rate of uptake of #1I" and of 


respiration were unaffected by methylthiouracil and 
2-mercapto-1-methylimidazole even when these 
substances had been in contact with the tissue for 
30 min. before incubation. However, both sub- 
stances inhibited the accumulation within the tissue 


In order to demonstrate these effects high concen- 
trations (4000 .M) had to be used. 


DISCUSSION 
The results presented in this paper show that, as 
with Ascophyllum nodosum (Kelly, 1953) and 
Nereocystis luetkeana (Tong & Chaikoff, 1955), 


25-2 
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uptake of I" by F. ceranoides was reduced when 
the respiration was inhibited, suggesting that 
energy derived from respiration was required to 
establish the apparent concentration gradient 
between tissue and medium. Dinitrophenol may 
have inhibited uptake of ™!I” by uncoupling 


oxidative phosphorylation, since it was shown to 
stimulate respiration. 

Compared with the energy available from respira- 
tion the energy required for transport of iodide in 
F. ceranoides appears to be small. The change of 
free energy required to bring 1 g.mol. of iodide from 
concentration c, to ¢, is given by RT In c,/c., where 
R is the gas constant (1-987 cal./degree) and 7 the 
absolute temperature. A maximum iodine content 
of about 0-1% in dried Fucus (e.g. Black, 1949) 
would correspond to approx. 1000 uM-iodide in the 
fresh tissue if all iodine occurred as iodide ions and 
assuming that the fresh weight: dry weight ratio of 
the tissue was 10. The energy required at 20° for 
iodide transport from 10 uM external concentration 
at a maximum velocity of 0-5pmole/g. of fresh 
tissue/hr. would then be about 1-3 x 10-3 eal./g. of 
fresh tissue/hr. In contrast the energy available 
from respiration was about 0-5 cal./g. of fresh 
tissue/hr., as calculated from a Qo, of 1-5 yl. and 
assuming a phosphorylation quotient of 3. Therefore 
uptake of iodide at the maximum rate apparently 
required less than 1% of the respiratory energy. 
The actual energy requirement for uptake of iodide 
may have been even less since much of the iodine in 
the tissue probably does not behave as iodide ions. 

The manner in which the rate of iodide uptake 
varied with the external iodide concentration sug- 
gested that the mechanism of uptake of iodide 
involved a reversible combination of the ion with a 
site in the tissue. Mitchell (1954) has presented 
similar evidence for a site which combines with 
phosphate in Micrococcus pyogenes. The fact that 
uptake of iodide by F’. ceranoides was competitively 
inhibited by certain other ions also indicates the 
existence of a specific combining site for iodide. 
Similar conclusions regarding the absorption of 
Rb* and Br 
from the observation that rubidium absorption is 
inhibited competitively by K* and Cs‘ 
(Epstein & Hagen, 1952), and bromide absorption is 


ions by barley roots have been drawn 
ions 


inhibited in the same way by chloride (Epstein, 
1953). 

The suggested combining site for iodide may be a 
sarrier group controlling the transport of the ion 
across some boundary in the tissue (e.g. Osterhout, 
1952). The evidence that the combining sites for 


phosphate in M. pyogenes function only in a carrier 
capacity is supported by the fact that the number of 
sites is small compared with the amount of phos- 
phate taken up (Mitchell, 1953, 1954). In this paper 
no direct evidence is presented that the number of 


H. G. KLEMPERER 





1957 


sites for iodide was small compared with the 
amount of iodide taken up. However, the fact that 
even high concentrations of competitive inhibitors 
of uptake of iodide released only a fraction of the 
131” which had been taken up by the tissue suggests 
that iodide stored within the tissue was not com- 
bined at the site concerned in its uptake from the 
medium. On the other hand, this does not neces- 
sarily imply that iodide accumulated within the 
tissue existed as the free ion. 

Although ™!I” was lost from the tissue under the 
conditions of uptake of iodide, it is unlikely that 
this loss occurred to any great extent from the 
region where the bulk of the iodide was accumulated. 
If the relationship between the initial rate of uptake 
of iodide and the external concentration is correctly 
interpreted to indicate the operation of a carrier 
mechanism, then a rapid and appreciable loss of 
131[” during the initial period of incubation must 
have been due to a loss of iodide from a region other 
than that to which iodide was transferred by the 
operation of the carrier. It is possible that this loss 
of 1." represented in part the dissociation of the 
carrier—iodide complex, since the combination of 
the carrier site with iodide in the medium appeared 
to be reversible. In keeping with this is the observa- 
tion that the initial rate at which 11 was lost from 
the cells was scarcely affected by the total amount of 
131[” which had been taken up. On the other hand, 
the release of #*1I" from the tissue by high concen- 
trations of thiocyanate was presumably not due 
solely to the dissociation of a carrier—iodide complex 
since perchlorate, although a more effective com- 
petitive inhibitor of uptake of iodide, released less 
131T” at high concentrations than did thiocyanate. 
Thiocyanate readily entered the tissue. It is there- 
fore possible that, at very high concentrations 
relative to iodide, thiocyanate in some way dis- 
placed part of the iodide accumulated within the 
tissue. 

Just as the *4I” remote from the carrier did not 
readily return to the medium under conditions of 
uptake of iodide, so the bulk of the iodide already in 
the tissue at the beginning of incubation did not 
participate in any transfer of I” ions to the medium, 
since the specific activity of iodide in the medium 
remained constant during uptake of iodide. This 
failure of accumulated iodide within the tissue to 
return to the medium under physiological condi- 
tions may be due to the existence of permeability 
barriers or to binding of the ion in an indiffusible 
form. The breakdown of either of these would 
account for the release on heating of all 11” which 
had taken up. Roberts & Roberts 
(1949) have suggested on similar grounds that 
potassium is concentrated within Escherichia coli in 
a bound form. As with concentration of iodide by 
F.. ceranoides, the ability of E. coli to concentrate 
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potassium diminishes as the external concentration 
of the ion is raised, presumably because the binding 
sites for the ion approach saturation. Evidence for 
the binding of inorganic ions in plant cells has also 
been provided by studies of uptake of potassium by 
barley roots (Broyer & Overstreet, 1940) and of 
uptake of potassium and bromide by beetroot 
(Sutcliffe, 1954). 

The only direct evidence for the formation of a 
labile complex involving iodine was that trichloro- 
acetic acid failed to release about 10 % of the tissue 
radioactivity, and that this was in a form which 
remained at the origin on chromatograms but was 
released on heating. This trichloroacetic acid-stable 
complex was not formed in the presence of methyl- 
thiouracil or 2-mercapto-1-methylimidazole. In the 
thyroid gland these substances inhibit the formation 
of organic iodine compounds, probably by pre- 
venting the formation of iodine from iodide (Pitt- 
Rivers, 1950). The formation of the trichloroacetic 
acid-stable complex may therefore involve an 
oxidation of iodide. F’. ceranoides did not, however, 
appear to form free iodine, unlike Laminaria 


flexicaulis (e.g. Roche, van Thoai & Lafon, 1949), 


although it resembled both the latter alga (Roche & 
Yagi, 1952) and Nereocystis luetkeana (Tong & 
Chaikoff, 1955) in forming small amounts of 
iodotyrosines. 

The inhibition of uptake of iodide by perchlorate, 
thiocyanate and nitrate recalls the effect of these 
ions on uptake of iodide by the thyroid gland and 
also by certain other animal tissues, in particular 
salivary gland (Fletcher, Honour & Rowlands, 
1956), mammary gland (Brown-Grant, 1957; 
Freinkel & Tngbar, 1956) and stomach mucosa 
(Halmi, Stuelke & Schnell, 1956; Logothetopoulos 
& Myant, 1956). Under natural conditions F. 
ceranoides and the thyroid both accumulate iodide 
from about the same external concentration. 
Metabolic inhibitors and sulphydryl reagents 
inhibit concentration of I in the thyroid 
(Freinkel & Ingbar, 1955) as in F. ceranoides. 
Furthermore, perchlorate, thiocyanate and nitrate 
are competitive inhibitors of uptake of iodide by the 
thyroid gland and their relative activities are 
approximately the same as was found in the alga 
(Wyngaarden, Stanbury & Rapp, 1953). These ions, 
and also iodide, release I" from the thyroid 
(Vanderlaan & Vanderlaan, 1947; Stanley & 
Astwood, 1948; Wyngaarden, Wright & Ways, 
1952) as from F’.. ceranoides. 

On the other hand, iodide which is not in stable 
organic combination seems to be much more readily 
released by anions from the thyroid gland than from 
F’. ceranoides. Iodotyrosines appear to be formed 
more rapidly and in larger amounts by the thyroid 
gland than by the seaweed. Furthermore, although 
both tissues take up thiocyanate, the thyroid, in 
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contrast to F’. ceranoides, is unable to concentrate 
this ion from the medium (Wood & Kingsland, 
1950). These differences may be due to the form in 
which iodide and perhaps thiocyanate accumulate 
in the two tissues, whereas the mechanism of uptake 
of iodide appears, in contrast, to be very similar in 
both. 


SUMMARY 


1. Pieces of Fucus ceranoides respiring without 
added substrate rapidly took up “I from sea water 
at room temperature. The rate of uptake of 1] 
was diminished by about 50% by incubation at 0° 
or by 100puMm-cyanide, 10yM-dinitrophenol or 
50 uM-p-chloromercuribenzoate. Respiration was 
inhibited by cyanide, increased by dinitrophenol 
and unaffected by p-chloromercuribenzoate. 

2. The presence of added carrier iodide in the 
medium reduced the rate of uptake of ™1I-, Addi- 
tion of carrier iodide after the beginning of incuba- 
tion released 11" from the tissue. 

3. The uptake of a certain proportion of the total 
131T” corresponded to the uptake of the same pro- 
portion of the iodide in the medium. The initial 
rate of uptake of iodide varied with the external 
concentration over the range 1-20 as if iodide 
uptake depended on a reversible combination with 
a site in the tissue. The half-maximum rate of 
uptake occurred at 4-3 ~M-iodide. 

4. During net iodide uptake there was a simul- 
taneous movement of iodide out of the tissue cells, 
the rate of which was independent of the amount of 
iodide which had been taken up from any one 
external concentration. 

5. Perchlorate, thiocyanate and nitrate acted as 
competitive inhibitors of uptake of iodide. At 50% 
inhibition their respective concentrations were about 
0-2, 30 and 700 times the concentration of iodide. 
At high concentrations perchlorate released small 
amounts of I from the tissue. Thiocyanate 
released larger amounts, but in both cases this 
effect was diminished when added carrier iodide was 
present. Under similar conditions the tissue took up 
about two-thirds as much thiocyanate as iodide. 

6. Heating the tissue apparently released all its 
131” in the form of inorganic iodide. Trichloroacetic 
acid released only 90%. The remainder was in a 
form which remained at the origin on chromato- 
grams but was released on heating. Hydrolysis 
with barium hydroxide gave rise to ™1I" and traces 
of mono- and di-iodotyrosine. No radioactivity 
accumulated in the trichloroacetic acid-stable form 
during incubation in the presence of methylthio- 
uracil or 2-mercapto-1-methylimidazole. 

7. The data suggest that a specific site which 
combined reversibly with iodide transported the 
ion across a boundary in the cell and that iodide 
accumulated within the cells in a bound form. The 
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mechanism of uptake of iodide appeared to be very 
similar to that in the thyroid gland. 
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taistrick, Stickings & Thomas (1953) have de- 
scribed the isolation of two metabolic products 
alternariol (I) and one of its monomethy] ethers 
from the mycelium of two strains of Alternaria 
tenuis auct. grown on Czapek—Dox solution. These 


O—CO 
OH 
HO 
CH, OH 
(I) 


two compounds appear to constitute practically the 
whole of the ether-extractable, but petroleum- 


insoluble, fraction of the dried mycelium. 


* Part 102: Birkinshaw, Chaplen & Lahoz-Oliver (1957). 


It was noted during this work that the meta- 
bolism solution of these strains of A. tenwis gave a 
reddish brown colour reaction with ferric chloride. 
While small amounts of alternariol and its methy] 
ether could be isolated from the solution, it was 
soon clear that the material responsible for this 
ferric reaction was a complex mixture of these two 
compounds with a number of new substances. 

It is the purpose of this paper to describe some of 
the main constituents of this mixture, and their 
separation and characterization. The study has been 
Detailed 
consideration of the structures of the new compounds 
will be published later. It will be clear from the 
following account that the list of metabolic pro- 
ducts is probably very incomplete, and indeed 
paper chromatography indicates the presence of 


extended to two other strains of A. tenuis. 
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several other constituents not yet isolated. None 
of the new compounds appears to resemble 
alternaric acid (Grove, 1952) or the products of 
Alternaria solani described by Darpoux, Faivre- 
Amiot & Roux (1950). 


The altenuic acids 

The first experiments were carried out with strain 
no. 94. The products were isolated by adsorption on 
charcoal, followed by elution with ethanol. In this 
way three crystalline compounds were isolated: two 
colourless acidic substances, m.p. 183-184° and 
245-246° respectively, which we have called 
altenuic acid I and altenuic acid IT; and a yellow 
compound, m.p. 189-190°, which is discussed in 
the next section. Strain no. 94 deteriorated 
rapidly on subculturing, and attention was 
switched to strain no. 430, in particular to a sand- 
culture of this strain which produced high yields 
of alternariol and its methyl ether (see Raistrick 
et al. 1953). 

Although varying amounts of altenuic acids I and 
II have been obtained from cultures of no. 430, 


many batches produced substantial quantities of 


another colourless acidic compound, whose re- 
actions and molecular formula indicated a close 
relationship with altenuic acids I and If. It has 
been established that both the latter acids are 
readily converted into this new compound, simply 
by dissolving in aqueous sodium hydroxide and re- 
acidifying. The new product is therefore called 
altenuic acid III. All three compounds have the 
molecular formula C,;H,,0,, containing one meth- 
oxyl and one carbon-methy] group. 

Altenuie acid I gives a pale purple—brown ferric 
colour in ethanol, scarcely affected by adding water. 
The acid forms a colourless dimethyl derivative, 
m.p. 177—-178°, which no longer shows any ferric 
reaction. Altenuic acid II is a very sparingly 
soluble substance. In dioxan-ethanol it gives a 
pale-brown colour with ferric chloride, again 
searcely affected by addition of water. This acid also 
forms a colourless dimethyl compound, giving no 
ferric colour; the m.p. is 172—173°, depressed on 
admixture with the dimethyl derivative of altenuic 
acid I. Altenuic acid III has a variable melting 
point, of little value diagnostically. Its ethanolic 
solution gives only a pale wine colour with ethanolic 
ferric chloride, but on the addition of water this 
immediately deepens to an intense purple. The acid 
forms a colourless dimethyl derivative, m.p. 
143-5-144-5°, soluble in cold aqueous sodium 
hydroxide but not in aqueous sodium carbonate, 
and giving a positive ferric reaction; this dimethyl 
compound can readily be monoacetylated. More 
complete methylation yields a colourless neutral 
trimethyl! derivative, m.p. 125—126-5°, which gives 
no ferric colour. 
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Mixtures of altenuic acids I and III are difficult 
to separate by crystallization. Their behaviour on 
paper chromatography has been studied and they 
can be clearly separated on a buffered paper. The 
paper chromatograms also served as a model for 
separations on a preparative scale by means of a 
Craig countercurrent-distribution apparatus, and 
excellent separations were achieved. 


Altenusin and dehydroaltenusin 


The yellow compound, m.p. 189—190°, isolated 
from strain no. 94, has the molecular formula 
C,;H,,0,. It was not obtained from other strains 
when solvent-extraction methods were used. 
However, ether extraction of the concentrated 
culture filtrate from no. 108 at pH 5 yielded a 
fraction from which a related colourless product, 
m.p. 202-203°, could be isolated by crystallization 
from chloroform. Smaller amounts of the same 
material were obtained from no. 430. When this 
substance, whose molecular formula is C,,;H,,O,, is 
dissolved in aqueous ethanol and treated carefully 
dropwise with dilute aqueous ferric chloride, an 
initial violet colour is observed which disappears on 
shaking, until with increasing amounts of ferric 
chloride a permanent deep-brown colour develops. 
This brown-colour reaction is identical with that 
given by the yellow compound isolated from no. 94, 
and, in fact, if the addition of ferric chloride to the 
colourless substance is stopped when the permanent 
brown colour just begins to appear, a yellow crystal- 
line product can easily be isolated from the reaction 
solution. This compound is identical with the 
yellow substance from no. 94. It appears therefore 
that the colourless compound C,;H,,O, gives a violet 
colour with ferric chloride, but is oxidized at once to 
the yellow C,;H,,O,, Fe*+ being reduced to Fe**+; 
this is confirmed by testing with potassium ferri- 
cyanide. The yellow product can be reduced by 
sodium dithionite to the colourless C,;H,,0,. 

Although both compounds are soluble in aqueous 
sodium bicarbonate, the acetyl derivative of the 
yellow substance is insoluble even in sodium hydr- 
oxide solution, making the presence of carboxyl or 
other strongly acidic groups improbable. We 
therefore propose the name altenusin for the colour- 
less C,;H,,0,, and dehydroaltenusin for the yellow 
C,;H,,0,. While both may be formed by the mould, 
and indeed their ready interconversion may play 
a part in the metabolism of the organism, we have 
no certain evidence of the presence of dehydro- 
altenusin in the culture filtrates. The isolation of 
this compound from cultures of no. 94 may well be 
the result of oxidation of altenusin on the charcoal 
(cf. Raistrick & Stickings, 1951). Unfortunately, 
strain no. 94 no longer produces either altenusin or 
dehydroaltenusin, so the question must remain 


open. 
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The molecular formula of altenusin includes one 
methoxyl group and one carbon-methyl group. 
Methylation yields a neutral, colourless tetramethyl! 


compound, not reacting with ferric chloride. 
Dehydroaltenusin gives a red precipitate with 


Brady’s reagent (2:4-dinitrophenylhydrazine in 
aqueous hydrochloric acid), shown to be a mono- 
It forms a colourless triacetate with 


anhydride—sodium acetate. 


derivative. 
acetic 


Altertenuol 


The concentrated culture filtrate from strain no. 
108, extracted at pH 7, yields a solid giving a green 
ferric chloride reaction ; small quantities of the same 
material were also obtained from no. 430. A pure 
has been isolated, which shows this 
it is insoluble in aqueous sodium 


substance 
ferric colour; 
bicarbonate and yields a neutral triacetate. We 
propose for it the name altertenuol. It crystallizes 
from acetic acid in buff-coloured rods, m.p. 284- 
285°. The molecular formula, C,,H,,O,, includes 
one methoxy! group, but no carbon-methy]! group. 
In addition to the triacetate the compound gives 
a neutral colourless trimethyl compound. 


Tenuazonic acid and isotenuazonic acid 


In early experiments with strain no. 430, it was 
noted that some acidic fractions gave a strong 
orange-red ferric colour, not attributable to any of 
the compounds described so far. This material is 
very soluble in organic solvents, even in cold light 
petroleum. It has been purified in various ways, but 
has not been obtained as a solid. The material is 
ketonic and strongly acidic. It is also laevorotatory ; 
of the metabolic products described in this paper, it 
Analyses of 
the compound and of its derivatives indicate the 
molecular formula C,,H,,O,N. A green crystalline 


is the only one to show optical activity. 


chloroform-soluble copper salt is readily obtained, 
and can be used for isolation and purification; on 


Table 1 


1957 
recrystallization it attains a constant rotation, 
[«]39., — 124° in methanol. The acid recovered from 
the purified copper derivative has [«]?{,, — 132° in 
chloroform. 

On long standing the rotation of the product 
becomes less negative, and eventually 
crystallization starts. The purified crystalline sub- 
stance also has the formula C,)>H,;0,N, and has very 
similar chemical properties to the original material. 
However, it is dextrorotatory, [«]?%,, + 23° in chloro- 
form, and its copper salt has [«]?J,,+24:5° in 
methanol. There is no reason to suppose that this 
isomer is present in the freshly isolated metabolic 
material, and we regard it as an artifact. 

We propose the name tenuazonic acid for the 
metabolic (liquid) product, and isotenuazonic acid 
for the crystalline isomer. Tenuazonic acid is pro- 
duced also by strain no. 628, which does not appear 
to give any substantial amounts of the other culture- 
filtrate products. 

Tenuazonic acid titrates sharply as a monobasic 
acid and contains no methoxyl group. It forms a 
crystalline mono-derivative with Brady’s reagent, 
m.p. 187—189° with effer- 
vescence; the latter gives a deep-blue colour with 
ferric chloride. Tenuazonic acid can be converted 
into the iso-acid by boiling with aqueous alkali. 


slowly 


and a semicarbazone, 


isoTenuazonic acid has properties very similar to 
those of tenuazonic acid, but crystallizes from a 
small volume of low-boiling light petroleum in 
colourless needles, m.p. 61—63-5°. The crystals are 
not very and frequently 
keeping, to a liquid which does not appear to be 
tenuazonic acid. It is conveniently kept as the 
copper salt. Brady’s reagent gives an amorphous 
precipitate, which is a mixture containing some 
tenuazonic acid 2:4-dinitrophenylhydrazone. The 
semicarbazone, m.p. 206—206-5° with effervescence, 
gives the same intense blue ferric colour as the 
semicarbazone of tenuazonic acid. 


stable, decompose on 


Compounds produced by strains of Alternaria tenuis 


Produced by strain no. 





Ferric chloride ~— _ —_A____ ' 
Compound Formula colour 94 430 108 628 
Alternariol C,,H,,9; Purple ~ . 
Alternariol methyl ether C,;H,.0; Purple ~ 
Altenuic acid I C,;H,,0., Pale purple—brown 


Altenuic acid II C,;H,,0. 


Pale brown + + 
Deep purple 
(evanescent) tT 


Altenuic acid III C,;H,,0. 
Altenusin C,;H,,0, Violet 

| 

vy 
Dehydroaltenusin C,;H,.0, Brown 
Altertenuol C,H 0, Green 
Tenuazonic acid Cy9H,;0,N Orange-red 


Isolated and identified. 


* A very small amount of material which may have been crude alternariol was isolated from no. 628. 
7 Dehydroaltenusin was isolated from no. 94, but may have been produced by oxidation of altenusin during the 


isolation procedure. 
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Alternariol and its methyl ether 


Alternariol and its methyl ether have been 
extracted from the mycelium of strains nos. 94, 430 
and 108. Nos. 94 and 430 yield mixtures in which 
the methyl ether predominates (see Raistrick et al. 
1953), but no. 108 gives large yields of a mixture 
which is mainly alternariol. No. 628 gave only a 
small amount of solid, from which a little impure 
alternariol methyl ether was isolated, with perhaps 
a trace of alternariol. 

These substances have also been shown to be 
present in small amounts in the culture filtrate of 
no. 430. 

General 


The products isolated from the four strains of 
Alternaria tenuis are shown in Table 1. 

It would be premature at this stage to speculate on 
the chemical or biochemical relationship between 
these compounds. It is, however, noteworthy that, 
with the exception of tenuazonic acid, all these 
products of A. tenuis contain either a carbon- 
methyl group or a methoxy] group or both, attached 
in each case to a C,, residue. Strain no. 628, from 
which we have isolated tenuazonic acid, but none of 
the C,, or C,; culture-filtrate products, likewise 
produces in its mycelium only a small amount of 
alternariol methyl ether and a negligible quantity of 
alternariol. 


[=X PERIMENTAL 


All melting points are corrected, except where otherwise 
stated. Methoxyl, Mg, Cu, loss on drying, molecular-weight 
determinations and titrations were carried out in this 
Department. Mosi other determinations are by Weiler and 
Strauss, Oxford, with a few by Schoeller, Kronach, Germany, 
and by Mr F. H. Oliver of Parke, Davis and Co. Ltd., 
Hounslow, Middlesex. 

Four strains were used in this work, bearing L.S.H.T.M. 
catalogue nos. 8.M. 94, S.M. 108, S.M. 430 and G.A. 628. 

Altenusin and altertenuol were most conveniently ob- 
tained from no. 108, from which the other culture-filtrate 
products have not been isolated. After the deterioration of 
no. 94, no. 430 was used as a source of the altenuic acids and 
tenuazonic acid, although the other compounds are also 
produced by this strain. Tenuazonic acid was also obtained 
from no. 628. 

History of cultures 


Details of strains nos. 94 and 430 have been given pre- 
viously (Raistrick et al. 1953). We are indebted to Mr G. 
Smith of this department for the following mycological 
notes on the remaining cultures. 

No. 108. This strain was isolated from a mouldy orange 
by Mrs S. Marcus in April 1950. It has remained morpho- 
logically very stable. Whereas many isolates of A. tenuis 
deteriorate and rapidly become sterile in laboratory cul- 
tures, no. 108 still produces abundant and typical spores. 

No. 628. This was isolated by Mr G. Agosti, in December 
1956, from roadside soil collected near Limerick, Eire. This 
also is a strongly sporulating strain. 


OF ALTERNARIA TENUIS 


393 


Both isolates produce long, often branched, chains of 
extremely polymorphous spores, which have both cross and 
longitudinal According to Neergaard’s (1945) 
classification they are to be regarded as Alternaria tenuis 


septa. 
auct. sensu stricto. 


Cultural conditions 


The mould was grown on Czapek-Dox medium as 
described previously (Raistrick et al. 1953), usually in 
batches of 100 flasks. These were harvested after 4-5 weeks, 
when the pH was about 7-5, and the glucose about 0-5%. 
The mycelium was separated from the culture filtrate and 
dried and extracted as in the earlier work. 


Separation of mycelial products from strain no. 108 


The mycelium from one batch of 100 flasks of no. 108 was 
extracted. The crude solid (wt. 55g.) had a methoxyl 
content of 25%, indicating 22% of alternariol methyl 
ether. However, the latter could not be separated by 
crystallization from ethanol. Recrystallization from 
aq. ethanol yielded faintly pink needles, m.p. 340° 
(decomp.) (uncorr.), undepressed on mixing with alter- 
nariol. The identity was confirmed by conversion into the 
trimethyl ether, m.p. and mixed m.p. 160—161° (uncorr.). 

Crude solid from another batch was crystallized from 
dioxan, again yielding alternariol, m.p. 345° (decomp.) 
(uncorr.). Evaporation of the filtrate yielded two more 
crops of alternariol. After removal of the third crop, the 
solvent was removed completely and the residue recrystal- 
lized from ethanol to yield crystals, m.p. 273-274°, un- 
changed on admixture with the natural alternariol methy] 
ether (Raistrick et al. 1953) (Found: OMe, 11-4, 11-9. Cale. 
for C,;H,,0, : OMe, 11-4%). 


Isolation of alternariol methyl ether from the 
mycelium of strain no. 628 


No solid separated from the ether extracts of the dried 
mycelium. On removal of the solvent and washing the 
residue with cold light petroleum, there remained a brown, 
sticky solid (yield 3 g./100 flasks). This was triturated with 
aq. Na,CO, and filtered; the filtrate on acidification 
yielded a solid (27 mg.), m.p. >310° (decomp.), which was 
possibly crude alternariol. The Na,CO,-insoluble portion, 
m.p. 255-266°, was extracted in a Soxhlet apparatus with 
light petroleum (b.p. 40-60°) and the insoluble residue 
(1-5 g.) was sublimed in high vacuum. The bulk of the 
material sublimed below 210°; after recrystallization from 
ethanol and acetone it melted at 268-271°, not depressed on 
admixture with alternariol methyl ether, and showing the 
same fluorescence and ferric colour. 





Isolation of products from culture filtrates 
of strain no. 94 


A sample of the metabolism solution gave an intense 
brown ferric reaction, although in the later batches, when 
the yield of extractable crystalline material fell almost to 
zero, the only colour obtained on addition of FeCl, was a dull 
olive-green. The solution was filtered through cotton wool, 
then kieselguhr, and acidified to pH about 2. Adsorbent 
charcoal (5 g./1.) was added, and, after shaking, the solution 
was filtered and the charcoal washed with a little water; the 
filtrate no longer gave a ferric reaction. The charcoal was 
dried in vacuo over conc. H,SO,, then suspended in ethanol 
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and loosely packed in a vertical glass tube in the manner of 
a chromatographic column. Elution with ethanol gave an 
intense ruby-red eluate which was concentrated at 35-40° 
under reduced pressure. A crop of yellow crystals first 
separated, and were removed; further concentration of 
the filtrate yielded colourless crystals. The maximum 
combined yield was 5-2 g./100 flasks, but this fell rapidly 
in succeeding batches. The yellow crystals were readily 
recrystallized from ethanol, yielding dehydroaltenusin in 
yellow plates. 

The colourless solid was boiled with water and filtered: 
crude altenuic acid II remained on the filter, and the filtrate 
on cooling deposited colourless needles of altenuic acid I. 
Altenuic acid I was recrystallized from water, and altenuic 
acid II by dissolving in boiling dioxan and adding 8 vol. of 
water. 


Isolation of products from culture filtrates 
of strain no. 108 


When a sample (10 ml.) of the culture filtrate was treated 
with FeCl,, the first drops produced a greenish colour, with 
a precipitate, but the addition of more FeCl, changed the 
green to brown. 

The filtered solution was acidified to pH 6-5 with conc. 
HCl, then concentrated to 1-51. in a climbing-film evapor- 
(internal temperature 35-40°). Four 
ethanol were added, and the sticky precipitate (which gave 
no ferric reaction) was removed by filtration through glass 
wool. The ethanol was removed in the climbing-film 
evaporator, and the pH adjusted to 7-0 with NaOH. This 
procedure helped to reduce emulsification during the sub- 
sequent extractions. The concentrate was then extracted 
continuously with ether until the extract no longer gave 
a green ferric reaction (about 24 hr.). The pH was adjusted 
to 5 with HCl, and the solution further extracted con- 
tinuously with ether until the extracts no longer gave an 
evanescent violet colour with FeCl, (about 40 hr.); the pH 
was readjusted to 5 when necessary. 

Extract at pH7. Evaporation yielded a brown solid, 
which was washed with ether; wt. 1-2 g./100-flask batch. It 
gave an intense green colour with FeCl, and consisted 
mainly of altertenuol. The presence of other substances, 
including probably alternariol and its methyl ether, made 
the compound difficult to purify. In one experiment, the 
solid (1-26 g.) was triturated first with ether, which re- 
moved a little material giving a purple ferric colour, and 
then dissolved as far as possible in boiling ethyl acetate. The 


ator volumes of 


hot solution was filtered quickly. The insoluble part gave a 
purple ferric reaction and melted above 300°. The filtrate 
was concentrated under reduced pressure until it became 
turbid. After 16 hr. the crystalline altertenuol was col- 
lected; a second crop was obtained from the filtrate (total 
yield, 0-7 g., m.p. 284-287°). 

Extract at pH 5. Removal of the ether gave a slightly 
coloured crystalline solid. It was triturated with cold 
CHCl, and filtered. The crude altenusin was dissolved in 
ether, and passed through a column of acid-washed alumina. 
Washing was continued with ether until the eluate ceased to 
give the typical ferric reaction. The ethereal solution was 
reduced to a small volume, and CHCl, was added until a 
slight turbidity resulted. On allowing to stand, colourless 
crystals separated. These were filtered, and the filtrate con- 
centrated to give further crops. The altenusin, fairly pure at 
this stage, weighed 2-5-6-5 g./100-flask batch. 
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Isolation of products from culture filtrates 
of strain no. 430 


The culture filtrate behaved towards FeCl, in a manner 
similar to the filtrate from no. 108, but the final colour was 
a deeper brown. Earlier batches were concentrated as 
described for no. 108. Later, it was found convenient to 
acidify to pH 1-2 with HCl before evaporation; the dark 
amorphous material precipitated was removed by filtration 
(fraction A), and the filtrate was readjusted to pH 6-5 with 
NaOH. After evaporation, the concentrated culture filtrate 
was adjusted to pH 7, and extracted continuously with 
ether for 30-35 hr. A cream-coloured solid separated from 
the boiling ether; this was filtered (fraction B) and the 
filtrate evaporated (fraction C). 

The solution was then acidified to pH 1-2 with cone. 
HCl, and extracted several times with half-volumes of 
benzene, until the extracts no longer gave an appreciable 
orange colour with FeCl,. Evaporation of the benzene 
yielded fraction D. 

The aqueous concentrate was then further extracted 
three times with ether and the ether evaporated to give 
fraction EZ. 

Fraction A. This gave a brown ferric colour. It has not 
yet been investigated. 

Fraction B. The solid, m.p. 280° (decomp.), filtered off 
from the continuous ether extracts gave the ferric colour of 
tenuazonic acid. When dissolved in a minimum quantity of 
ethanol and treated with Brady’s reagent (0°32% 2:4 
dinitrophenylhydrazine in 2N-HC\), a crystalline derivative 
soon separated. Qualitative tests showed the presence of 
Mg and the absence of Na and K (Found, after drying at 100 
in high vacuum: Mg, 5:4. (C,y)H,,0,N).Mg requires Mg, 
585%). 

Fraction B (0-1 g.) dissolved in ethanol (1 ml.) was diluted 
with water (9 ml.) and acidified to Congo red with 2N-HCl. 
The solution was extracted three times with light petroleum 
(b.p. 60-80°). The petroleum was evaporated, leaving a 
colourless gum (0-05 g.), with the properties of tenuazonic 
acid as isolated from fraction D. The solid is therefore almost 
certainly a magnesium salt of tenuazonic acid. The yield 
was 0-6-0-9 g./batch of 100 flasks. 

Fraction C. The material removed during the first few 
hours of continuous extraction was largely solid, and was 
worked up separately. In the earlier batches, this gave a 
green ferric reaction, no doubt due to altertenuol (see below). 
In the case of the later batches, in which the preliminary 
acidification was carried out, the ferric reaction was purple, 
indicative of alternariol or its methyl ether. This part of 
fraction C has not been studied extensively, but the isolation 
of altertenuol, alternariol and alternariol methyl ether, by 
somewhat different separation procedures, is described 
below. 

After the first few hours the continuous extracts yielded 
gums on evaporation, but some of these slowly crystallized. 
The crystals were very soluble in ether but much less so in 
CHCIl,, from which they could be recrystallized. The frac- 
tions were therefore allowed to stand with CHCl, (10 vol.) 
until crystallization was complete, and then filtered ; further 
crystalline material was obtained on evaporation of the 
filtrate. In this way 2-3 g. of crude altenusin was obtained 
per batch of 100 flasks. After purification, it melted at 
201-5-203° (decomp.) and did not depress the m.p. of 
altenusin from strain no. 108. 
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Fraction D. The benzene extract, after removal of the 
solvent under reduced pressure, left an orange-coloured gum. 
It was dissolved in a little ethanol, titrated to pH 7 with aq. 
n-NaOH, then treated with a chemically equivalent volume 
of 0-1N-copper acetate. The mixture was extracted with 
CHCl, until the extract no longer gave the orange ferric 
reaction. Evaporation of the CHCl, yielded a green gum, 
which was dissolved in warm methanol (20 vol.) and treated 
with warm water (50 vol.). On cooling, the green copper salt 
crystallized; further quantities were obtained from the 
filtrate. The yield was 5-7 g./batch of 100 flasks. If pre- 
pared from freshly isolated tenuazonic acid, it was fairly 
pure. If necessary it was recrystallized from aq. methanol. 

It is essential for this method of purification that 
altenusin should first be removed, since this substance is 
oxidized by copper acetate, resulting in pH changes and 
contamination of the copper tenuazonate. Exhaustive 
continuousextraction at pH 7 must therefore be carried out, 
to remove fraction C completely. 

Tenuazonic acid is conveniently stored as the copper salt, 
which is quite stable. The free acid is readily regenerated by 
shaking the copper salt with CHCl, and 2N-HCl until all the 
solid has disappeared, and all the blue-green colour is in the 
aqueous layer. The CHCI, layer is separated and the aqueous 
layer further extracted with CHCl,. The combined CHCl, 
extracts are washed with 2N-HCl and water. Evaporation 
of the solvent leaves the tenuazonic acid as a nearly colour- 
less gum, not crystallizing even on standing for some days at 
0-5°. 

Fraction E. The brown gum remaining after evaporation 
of the solvent was treated with dry ether (about 50 ml.) and 
allowed to stand. Nearly colourless crystals separated and 
were filtered. The filtrate was allowed to evaporate slowly in 
air, and was further treated with small volumes of ether and 
filtered. In this way crude mixed altenuic acids were 
obtained ; the yields were variable, but usually ranged from 
1 to 4 g./batch of 100 flasks. 

Usually the first crop was fairly pure altenuic acid III, and 
could be reerysiailized directly from aq. methanol. Some 
later crops gave little sign of the presence of altenuic acid 
III, judged by the FeCl, test. These were separated by 
extraction with ether in a Soxhlet apparatus: this removed 
altenuic acid I, leaving the insoluble altenuic acid II in the 
thimble. The altenuic acid I could also be extracted with 
boiling water as described above. The altenuic acid I was 
recrystallized from water or ethanol, and altenuic acid I] 
from aqueous dioxan. 

Mixtures of altenuic acids I and III are difficult to separate 
by crystallization. However, the presence of these acids in 
mixtures could be detected by paper chromatography, 
which also separated them from alternariol and its methyl 
ether, present as impurities. The system used was butanol 
equilibrated with citrate or phosphate buffer (m/15) on 
Whatman no. 3 paper previously sprayed with the same 
buffer and dried (we are grateful to Mr N. Spencer for 
suggesting this system). Buffers of various pH values 
between 5 and 6-5 were used, but the most convenient was 
found to be pH 5-25. Very good separation of altenuic acids 
[and III was achieved (R, values 0-50 and 0-36 at pH 5: 
citrate buffer), while the phenolic impurities had R,>0-9. 
The spray used was diazotized sulphanilic acid followed by 
Na,CO, ; the acids showed up as clearly defined brown spots. 

These mixtures could also be analysed by using ethyl 
acetate—citrate buffer (pH 5-25), and this served as a model 
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for separation on a preparative scale (0-5 g.) by means of a 
Craig countercurrent-distribution apparatus (capacity of 
tubes: 25 ml.+25 ml.). Thus in one example a mixture 
(0-45 g.) was distributed through twenty tubes. One drop 
from the ethyl acetate layer of each tube was spotted on 
filter paper and detected with the above spray: this showed 
that there had been a clear separation into three zones, 
identified by paper chromatography as altenuic acid III 
(tubes 1-3), altenuic acid I (tubes 6-13), and alternariol and 
its methyl ether (tubes 17-20). Acidification and extraction 
of the first two fractions yielded practically pure altenuic 
acid IIT (0-25 g.) and altenuic acid I (0-10 g.). 

Isolation of altertenuol. One of the earlier batches was 
extracted by hand at pH 7 with ether (3x1 vol.). After 
removal of the solvent there remained a solid, which gave a 
green ferric reaction. Crystallization first from ethanol, then 
twice from 90% acetic acid, yielded slightly buff-coloured 
needles, m.p. 283—285° with darkening and sublimation. The 
substance did not depress the m.p. of altertenuol isolated 
from strain no. 108, and the colour reaction with FeCl, was 
identical. 

Isolation and identification of alternariol and alternariol 
methyl ether. The first batch of 100 flasks of this strain was 
filtered and concentrated as described above. Inorganic 
material was filtered off, and the filtrate acidified to Congo 
red. The brown sludge formed was separated by centri- 
fuging and dried (19-7 g.); the filtrate yielded in the manner 
already described a mixture of altenuic acids. The deposit 
(19-7 g.) was treated with dry ether (insoluble residue 
3-05 g.), and the ether solution was extracted with aq. 2% 
NaHCoO,. The ether layer was then evaporated, leaving a 
neutral, partly crystalline gum (1-45 g.). Most of the gum 
was removed on washing with ether, leaving a pale-brown 
solid (1-0 g.), which gave the ferric reaction of alternariol. 
A sample heated in a high vacuum at 220° partially sub- 
limed, yielding a colourless sublimate, m.p. 255° (decomp.) ; 
on raising the sublimation temperature to 250° a second 
colourless sublimate formed, m.p. 340-350° (decomp.). The 
first sublimate crystallized from ethanol in needles, m.p. 
263-264° (decomp.) (uncorr.), undepressed on admixture 
with the alternariol methyl ether obtained from the my- 
celium, and giving the typical colourreactions with FeCl, and 
conc. H,SO, (Raistrick et al. 1953). The second sublimate, 
after crystallization from aq. ethanol, was similarly shown 
to consist of alternariol. Theratio of alternariol toits methyl 
ether was approximately 1:4. 





Isolation of products from culture filtrates 
of strain no. 628 


The ferric reaction of this filtrate was similar to that of 
no. 430, but the final colour was redder. Preliminary tests 
showed that a substantial amount of tenuazonic acid was 
present, but the other compounds appeared to be absent. 

The culture filtrate was concentrated as already described, 
then extracted by hand at pH 7 with ether. Evaporation 
yielded only a small residue, which gave a brown ferric 
reaction. 

The pH was adjusted to 1-2 with HCl, and the solution 
again extracted by hand with ether until the extract no 
longer gave the orange ferric colour. Evaporation of the 
ether yielded a brown gum (11-2 g.). This was not completely 
petroleum-soluble, so was subjected to a preliminary 
purification by dissolving in ether (60 ml.) and adding light 
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petroleum (b.p. 40-60°, 200 ml.), which precipitated a gum. 
The solvents were decanted and evaporated. The residue 
(6-4 g.) was again dissolved in ether and the procedure 
repeated. After a third treatment, the crude tenuazonic 
acid (4-6 g.) was converted into the copper salt, which was 
purified as already described (yield, 4-1 g.); [«]?%,, — 117+5° 
in methanol (c, 0-2); a further quantity (0-4 g.) was obtained 
as a second crop. The precipitated gums were combined and 
retreated in the same way, to give a further quantity of 
copper salt (0-8 g.). 


The altenuic acids 


Properties of altenuic acid I. Altenuic acid I crystallizes 
from water or ethanol in colourless needles, m.p. 183-184° 
with effervescence; if heated further, it resets at about 200° 
and remelts at 224-230° with further decomposition. The 
compound retains solvent even when dried to constant 
weight at 100° in high vacuum (Found, on a sample crystal- 
lized from water and dried at 100° in high vacuum: C, 54-2, 
54-4; H, 4-55, 4-6; OMe, 9-9; equiv. by titration, 161, 164, 
166. C,;H,,0,,3H,O requires C, 54-4; H, 4-6; 1 OMe, 9-4%; 
equiv., titrating as a dibasic acid, 165-5). To obtain solvent- 
free material, it was necessary to dry for 8 hr. at 120° ina 
high vacuum (Found, C, 55-7; H, 4-6; OMe, 9-9; C-Me, 5-45. 
C,;H,,0, requires C, 55-9; H, 4-4; 1 OMe, 9-6; 1 C-Me, 
4-65%). It dissolves on heating in methanol, ethanol, 
dioxan, acetic acid and water, but is not very soluble in the 
cold. An ethanolic solution gives only a pale purple-brown 
colour on addition of ethanolic FeCl, , essentially unchanged 
on adding water (ef. altenuic acid III). Its aqueous solution 
gives no precipitate with Brady’s reagent. 

Dimethyl derivative of altenuic acid I. Excess of ethereal 
diazomethane was added to altenuic acid I, and the sus- 
pension was allowed to stand overnight. The insoluble 
dimethyl derivative was filtered, and recrystallized from 
ethanol, from which it separated in colourless, narrow 
hexagonal plates; after two recrystallizations, the m.p. was 
constant at 177-178° (uncorr.) [Found: C, 58-2, 58-6; H, 
5-35, 5-05; OMe, 26-0, 26-55; mol.wt. (Rast), 330. C,,H,,O, 
requires C, 58-3; H, 5-2; 30Me, 26-6%; mol.wt. 350]. The 
product is only slowly soluble in cold dilute NaOH, but 
readily dissolves on warming. An ethanolic solution gives 
no ferric reaction. 

Properties of altenuic acid II. Altenuic acid II crystallizes 
from aq. dioxan in small colourless rectangular plates, 
m.p. 245-246° (decomp.) (uncorr.). It can also be crystal- 
lized from aq. acetic acid (Found: C, 55-7; H, 4-7; OMe, 
9-4; C-Me, 6-0; equiv. by titration, 160. C,;H,,0, requires C, 
55-9; H, 4-4; 10Me, 9-6; 1C-Me, 4-65 %; equiv., titrating as 
a dibasic acid, 161). Altenuic acid II is very sparingly 
soluble in water and the commoner organic solvents. A 
solution in dioxan-ethanol (1:1) gives only a pale-brown 
ferric colour, essentially unchanged on adding water. 

Dimethyl derivative of altenuic acid II. Altenuic acid II 
(60 mg.) was treated with ethereal diazomethane for two 
days at room temp. After evaporating to dryness, the 
dimethyl derivative was crystallized from methanol, forming 
large colourless prisms (32 mg.), m.p. 172-172-5°, raised on 
further recrystallization to 172-173° [Found: C, 58-4; H, 
5-1; OMe, 26-5; mol.wt. (Rast), 372. C,,H,,0, requires C, 
58-3; H, 5-2; 30Me, 26-6%; mol.wt., 350]. A mixture with 
the dimethyl derivative of altenuic acid I melted at 158- 
160°. The compound gave no ferric reaction and was only 
slowly soluble in cold dilute NaOH. 
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Properties of altenuic acid III. Altenuic acid III ecrystal- 
lizes from aq. methanol or glacial acetic acid in colour- 
less prisms. The m.p. is variable; material from aqueous 
methanol usually melts at about 185° with effervescence, 
followed by resetting, complete by about 195°; a further 
melt occurs between 215° and 235° with effervescence. When 
crystallized from acetic acid, the substance melts first in the 
range 198-202° with effervescence, resetting immediately, 
and remelting at about 225° with effervescence. In addition, 
the acid crystallizes from ethyl acetate and water; the latter 
is not to be recommended for purification, since altenuic 
acid ITI is partly decomposed on boiling with water (Found: 
C, 55-8, 55-75; H, 4-5, 4-8; OMe, 9-7; C-Me, 4-75; equiv. by 
titration, 157. C,,H,,0, requires C, 55-9; H, 4-4; 1OMe, 9-6; 
1C-Me, 4:65%; equiv., titrating as a dibasic acid, 161). 
Altenuic acid ITI is readily soluble in ethanol and methanol, 
sparingly soluble in ether, and even less soluble in CHCI,, 
benzene or light petroleum. An ethanolic solution gives a 
pale-wine colour with ethanolic FeCl, , but on the addition of 
water this deepens to an intense purple. An aqueous solution 
gives no precipitate with Brady’s reagent. 

Dimethyl derivative of altenuic acid III, Altenuic acid LIT 
(50 mg.) was suspended in ether (5 ml.) and ground finely 
withaglassrod. Excessof ethereal diazomethane was added, 
and the mixture was allowed to stand with occasional 
shaking for 0-5 hr. After evaporation, the residual solid was 
recrystallized from methanol (2 ml.) to give the dimethyl 
derivative (45 mg.) in well-formed rhombic tablets, m.p. 
143-5-144-5°, unchanged on further recrystallization 
(Found: C, 58-5; H, 5-5; OMe, 26-6. C,,H,,0, requires C, 
58-3; H, 5-2; 30Me, 26-6%). The compound is insoluble in 
2n-Na,CO,, but dissolves in cold 2N-NaOH. In ethanolic 
solution it gives with ethanolic FeCl, a pale orange—brown 
colour, scarcely affected by addition of water. 

Monoacetyl dimethyl derivative of altenuic acid III. The 
dimethyl compound was treated with acetic anhydride and 
one drop of conc. H,SO,. The solid dissolved slowly. The 
reaction mixture was neutralized with NaHCO, solution, 
then extracted with ether. The ether extract was evaporated 
to dryness, leaving a gum which crystallized from 50% 
ethanol in large colourless prisms, m.p. 107—110°. After 
further recrystallizations from aq. ethanol and ethyl 
acetate, the monoacetyl dimethyl derivative melted at 108- 
109° (Found: C, 58-3; H, 5-1; OMe, 23-8, 23-3. CygH 90, 
requires C, 58-2; H, 5-1; OMe, 23-8%). The compound is 
insoluble in 2n-NaOH, and gives no ferric colour. 

Trimethyl derivative of altenuic acid III. A mixture of 
altenuic acid III (0-20g.), dimethyl sulphate (1 ml.), 
anhydrous K,CO, (1 g.) and dry acetone (25 ml.) was boiled 
under reflux for 1 hr. Acetone was removed under reduced 
pressure and water was added to the residue. Vigorous 
shaking for 10 min. destroyed the excess of dimethyl 
sulphate, and after trituration the residual gum hardened 
and was filtered. The crude trimethyl derivative (0-22 g.) was 
recrystallized from methanol (3 ml.), with charcoal, to give 
colourless, well-formed prisms (0-19 g.),m.p. 125-126-5° ; the 
m.p. was unchanged on recrystallization [Found: C, 59-3; 
H, 5-6; OMe, 33-5, 34-1; mol.wt. (Rast), 368. C,H» 0. 
requires C, 59-3; H, 5-5; 40Me, 34:1%; mol.wt. 364]. The 
compound gives no ferric colour and is insoluble in cold 
aq. NaOH. 

Conversion of altenuic acid I into altenuic acid III. 
Altenuic acid I (19 mg.) was dissolved in a slight excess of 
2n-NaOH, giving a pale-yellow solution. On acidifying to 
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pH 2 with 2n-HCl a white precipitate formed, which was 
filtered (5 mg.). Ether extraction of the filtrate gave a 
further quantity (10 mg.). Unlike the starting material, 
which gives a pale purple—brown ferric colour in aqueous 
ethanol, this gave an intense purple coloration. The 
product crystallized from aq. methanol in prisms, 
m.p. 175-181° with effervescence, resetting on further heating 
and remelting at 227—232° with further decomposition. The 
m.p. was essentially unchanged on admixture with altenuic 
acid III, but in view of the indefinite nature of this m.p. the 
product was methylated, to provide further evidence of 
identity. 

The product (7 mg.) was treated with ethereal diazo- 
methane at 0° for 0-5 hr. The solvent was removed and the 
residue crystallized from methanol to give colourless tablets, 
m.p. 142-145°, which did not depress the m.p. of the 
dimethyl derivative of altenuic acid IIT. 

Additional confirmation of the conversion was provided 
by paper chromatography, with the system described above 
[butanol-citrate buffer (pH 5-25) on buffered paper]. The 
R, values were: altenuic acid I, 0-50; the above product, 
0-37; altenuic acid IIT, 0-36. 

Conversion of altenuic acid II into altenuic acid III. 
Altenuic acid LI, similarly treated, gave an identical product, 
m.p. 175-181° with effervescence, resetting on further 
heating and remelting at 227—234° with further decomposi- 
tion, and essentially unchanged on admixture with altenuic 
acid III. The methylation product melted at 142—142-5°, not 
depressed when mixed with a sample of the dimethyl 
derivative of altenuic acid IIT. 

Confirmation was again provided by paper chromato- 
graphy. Altenuic acid II does not give a coloured spot with 
the diazotized sulphanilic acid—Na,CO, spray, but after 
treatment with alkali and reacidification it gives a brown 
spot, R, 0-35, at pH 5-25. 


Altenusin and dehydroaltenusin 


Properties of alienusin. Altenusin crystallizes from CHCl, 
in colourless prisms. After drying at 100° under reduced 
pressure, it melts at 202—203° with effervescence to a yellow 
liquid ; if not dried, the crystals melt at about 95°, resolidify, 
and remelt at the higher temperature. Altenusin can also be 
crystallized from benzene or water (Found, after drying at 
100° in a high vacuum: C, 62-1; H, 5-2; OMe, 10-4; C-Me, 
5-2. C,;H,,0, requires C, 62-1; H, 4-9; 1OMe, 10-7; 1C-Me, 
5:2%). The substance is readily soluble in ether, ethanol and 
methanol; it also dissolves in aq. NaHCO,. Its ethanolic 
solution, treated with ethanolic FeCl,, gives a pale-grey 
colour, turning to deep brown with excess. If the altenusin 
is dissolved in aq. ethanol, and aq. FeCl, is added drop- 
wise, the first drops give a violet colour, quickly fading to 
leave a colourless solution; with increasing amounts of 
FeCl, this reaction is no longer observed, but a permanent 
intense brown colour appears. During the first stages of this 
reaction the presence of ferrous ions can be shown by the 
usual ferricyanide test. Altenusin does not reduce Fehling’s 
solution in the cold, though the solution turns green; on 
boiling, the usual reduction takes place. However, cold 
aqueous copper acetate is immediately reduced on addition 
of an ethanolic solution of altenusin. An aqueous solution 
gives no precipitate with Brady’s reagent after several hours. 

Tetramethylaltenusin. (a) A mixture of altenusin (0-55 g.), 
dimethyl] sulphate (2 ml.), anhydrous K,CO, (2 g.) and dry 
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acetone (50 ml.) was boiled under reflux for 24 hr. The 
acetone was removed by distillation under reduced pressure, 
and the residue was treated with water. After shaking, and 
rubbing the residual oil with a rod, a solid was obtained. 
This was filtered and dried (0-59 g.) and repeatedly re- 
crystallized from methanol to give tetramethylaltenusin as 
colourless prisms, m.p. 116—117° (0-40 g.) [Found: C, 65-7; 
H, 6-2; OMe, 44-2; mol.wt. (Rast), 342. C,,H,.0, requires C, 
65-9; H, 6-4; 50Me, 44-89%; mol.wt., 346]. 

(6) Altenusin was dissolved in a little methanol, cooled in 
anice bath and treated with excess of ethereal diazomethane. 
After standing overnight at 0-5°, the ether was evaporated. 
The gummy residue was dissolved in ether and the solution 
was filtered, washed with 2N-NaOH, then water, dried and 
again evaporated to dryness. The pale-brown gum was 
recrystallized several times from methanol to give colourless 
prisms, m.p. 116—117°, unchanged on admixture with the 
derivative above. 

Tetramethylaltenusin shows no ferric reaction, is in- 
soluble in cold 2n-NaOH, and gives no precipitate with 
Brady’s reagent. 

Properties of dehydroaltenusin. Dehydroaltenusin ob- 
tained from strain no. 94 crystallized from ethanol in yellow 
needles, m.p. 189-190° (decomp.) (Found: C, 62-4, 62-3; H, 
4-4, 4-5; OMe, 11-1, 11-1. C,;H,,0, requires C, 62-5; H, 4-2; 
10Me, 10-8%). Dehydroaltenusin is only slightly soluble in 
water. Aq. NaHCO, readily extracts the compound 
from ethyl acetate solution but dissolves the solid only 
slowly; the bicarbonate solution is coloured yellow. In 
aqueous NaOH the colour is yellow-green, soon changing to 
yellow. An ethanolic solution gives with FeCl, an intense 
brown colour, identical with that produced by the action of 
excess of FeCl, on altenusin; the colour is essentially un- 
changed by the addition of water. An ethanolic solution 
yields a red precipitate with Brady’s reagent (see below). 

Oxidation of altenusin to dehydroaltenusin with ferric 
chloride. Altenusin (100 mg.) was dissolved in a minimum 
volume of ethanol and an equal volume of water was added. 
Aq. FeCl, was added dropwise with shaking until the 
evanescent violet colour was no longer produced, and a slight 
permanent brown could be seen. By this time a yellow 
precipitate had formed. After standing this was filtered, 
washed with water, dried (87 mg.) and recrystallized from 
methanol, from which it separated in yellow needles, m.p. 
189-190° (decomp.), not depressed on admixture with the 
material obtained from strain no. 94 (Found: C, 62-2; H, 
4-4; OMe, 11-1, 11-2, 11-1. Cale. for C,;H,,0,: C, 62:5; 
H, 4:2; 1OMe, 10-8%). The properties of this substance 
were identical with those of dehydroaltenusin, given 
above. 

2:4-Dinitrophenylhydrazone of dehydroaltenusin. A solu- 
tion of dehydroaltenusin in ethanol was treated with excess 
of Brady’s reagent. After standing overnight at room 
temperature the red precipitate was filtered, and recrystal- 
lized from ethanol to give the 2:4-dinitrophenylhydrazone as 
red needles, m.p. 231—232° (decomp.) (Found: C, 53-9, 53-9; 
H, 3-8, 3-6; N, 11-4. C,,H,,O,N, requires C, 53-8; H, 3-4; 
N, 12:0%). When the derivative was dissolved in ethanol 
and treated with a drop of aq. NaOH, a blue colour was 
observed. 

Triacetyldehydroaltenusin. Dehydroaltenusin (0-3 g.) was 
well mixed with fused sodium acetate (0-3 g.) and acetic 
anhydride (3-0 ml.) was added. The mixture was boiled for 
1 hr. under reflux, then poured into water (250 ml.). After 
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standing, the solid was filtered and dried, and the crude 
derivative (0-45 g.) recrystallized several times from 
benzene, from which it separates in colourless plates, m.p. 
about 144° with effervescence, resetting and remelting at 
178-179° (uncorr.) (Found, after drying at 65° at 16 mm.: 
C, 63-6; H, 4-7; OMe, 6-6; Ac, 30-2. C,,H,,0,,$C,H, requires 
C, 63-6; H,4-7; 10Me, 6-8; 3Ac, 28-5%). When dried at 160° 
in a high vacuum, triacetyldehydroaltenusin melts at 178- 
179° (uncorr.) [Found: C, 60-8; H, 4-4; OMe, 7-8; mol.wt. 
(Rast), 410. C,,H,,0, requires C, 60-9; H, 4-4; 1OMe, 7-5%; 
mol.wt., 414]. The triacetate is insoluble in cold 2N-NaOH 
and does not react with FeCl, or Brady’s reagent in the 
cold. 

Reduction of dehydroaltenusin to altenusin. Dehydro- 
altenusin was dissolved in the minimum quantity of boiling 
ethanol and excess of saturated aqueous Na,S,O, was 
added; the yellow colour was immediately discharged. The 
mixture was cooled and water was added. A colourless solid 
separated, and was filtered, dried and recrystallized from 
CHCI,. Colourless crystals were obtained, which possessed 
the properties of altenusin; after drying at 100° they 
melted at 198° (decomp.) (uncorr.), rising to 201° (decomp.) 
(uncorr.) after admixture with altenusin. 


Altertenuol 


Properties. Altertenuol separates from acetic acid or 
ethyl acetate in buff-coloured rods, m.p. 284—285° with 
darkening and sublimation; even after vacuum sublimation 
the buff colour persists. For analysis a sample crystallized 
from ethyl acetate was dried at 100° in high vacuum (Found: 
C, 60-9, 61-2; H, 3-5, 3-9; OMe, 11-5; C-Me, nil. C,,H, 0, 
requires C, 61-3; H, 3-7; 1OMe, 11-3%). Altertenuol is 
readily soluble in acetone and moderately soluble in 
alcohols, acetic acid, ethyl acetate and dioxan, but very 
sparingly soluble in ether, CHCl,, hydrocarbons and water. 
It dissolves in conc. H,SO, to give a lime-green solution 
which shows a blue fluorescence in u.v. light; solutions in 
ethanol are also fluorescent. It is insoluble in aqueous 
NaHC0O,, but gives a yellow solution in aqueous Na,CO, or 
NaOH, deepening to orange on standing. In ethanolic 
solution FeCl, gives a grey-green colour, which becomes a 
more intense bottle-green on adding water. Altertenuol does 
not react with Brady’s reagent. 

Triacetylaltertenuol. Altertenuol (0-14 g.), anhydrous 
sodium acetate (0-20 g.) and acetic anhydride (1 ml.) were 
boiled under reflux for 2hr. After cooling, the reaction 
mixture was poured into water (100 ml.). The oil which 
separated solidified on rubbing, and was filtered, washed and 
dried [0-18 g., m.p. 225—-229° (decomp.)]. After crystalliza- 
tion twice from ethanol, with charcoal, and once from ethyl 
acetate, pure triacetylaltertenuol melted at 245-246° [Found: 
C, 59-7; H, 4-4; OMe, 7-8%; mol.wt. (Rast), 413. Cy)H,,0, 
requires C, 60-0; H, 4-0; 1OMe, 7-8%; mol.wt., 400]. The 
compound gives no colour with FeCl,, and is insoluble in 
cold aq. 2n-NaOH. 

Trimethylaltertenuol. Altertenuol (0-35 g.), dimethyl 
sulphate (1-5 ml.), anhydrous K,CO, (1-5g.) and dry 
acetone (75 ml.) were boiled under reflux for 24 hr. Acetone 
was removed by distillation and water was added to the 
residue. After shaking, the insoluble product was filtered, 
washed and dried (0°38 g.), then crystallized repeatedly 
from benzene, from which trimethylaltertenuol separated in 
colourless crystals, m.p. 211—212° (Found: C, 64-6; H, 5-1; 
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OMe, 39-0. C,,H,,0, requires C, 64-6; H, 5:1; 40Me, 
39-2%). The compound gives no colour with FeCl, and is 
insoluble in cold aq. 2N-NaOH. 


Tenuazonic acid und isotenuazonic acid 


Properties of tenuazonic acid. Tenuazonic acid has not been 
obtained in crystalline form. When recovered from the pure 
copper salt it remains as a pale-brown viscous gum, which 
can be distilled in a high vacuum without essential change in 
properties or loss of optical activity. The distillate is a 
faintly straw-coloured gum, b.p. about 117°/0-035 mm.; 
[a] $61 — 186 +5°, —- 132+ 2° in CHCl, (c, 0-2, 0-5) (Found: 
C, 60-6; H, 7-9; N, 7-1%; equivalent by titration, 197. 
CioH,;0,N requires C, 60-9; H, 7:7; N, 7-1%; equivalent 
(monobasic), 197). The compound is readily soluble in all the 
usual organic solvents, including light petroleum, but is 
sparingly soluble in water. Its aqueous or aqueous ethanolic 
solution is strongly acidic. Addition of ethanolic FeCl, to an 
ethanolic solution of tenuazonic acid produces a brilliant 
orange-red colour, unaltered by the addition of water. An 
ethanolic solution treated with excess of aqueous Brady’s 
reagent soon clouds and gives a microcrystalline yellow pre- 
cipitate. When tenuazonic acid is dissolved in an equivalent 
of aq. NaOH and treated dropwise with aqueous copper 
acetate, a green precipitate is formed, soluble in excess of 
copper acetate, and also soluble in CHCI,. 

Tenuazonic acid slowly changes on long standing. The 
optical rotation becomes less negative, and eventually 
crystallization begins, owing to separation of isotenuazonic 
acid (see below). It is difficult to separate pure tenuazonic 
acid from its mixtures with any substantial quantity of the 
iso-acid, and it is better to convert it immediately into the 
copper salt, which is stable. 

Copper salt of tenuazonic acid. Freshly isolated tenuazonic 
acid was converted into the copper salt as described in the 
isolation procedure. The salt was dissolved in methanol 
(20 vol.), and water (50 vol.) was added to the hot solution. 
On cooling, the copper salt separated in green needles, 
[«]2%6. -117°inmethanol. Furthercrystallization raised the 
optical rotation to a constant value, [a]}%,,; —124-+.5° in 
methanol (air-dried; c, 0-2). Copper tenuazonate melts 
indistinctly from about 175° [Found, on air-dried material: 
loss in weight at 100° in a high vacuum, 7-2. Cu(C,9H,,0,N)o, 
3H,O requires loss of 2H,O, 7:1%. Found, on material 
dried at 100° in a high vacuum: C, 51-0; H, 6-5; N, 5-75; Cu, 
13-2. Cu(C,9H,,0,N).,H,O requires C, 50-7; H, 6-4; N, 5-9; 
Cu, 13-4%]. The compound is soluble in CHCl,, methanol, 
ethanol and acetone, sparingly soluble in water and in- 
soluble in benzene. 

2:4-Dinitrophenylhydrazone of tenwazonic acid. (a) Tenu- 
azonic acid (0-10 g.), 2:4-dinitrophenylhydrazine (0-09 g.) 
and methanol (5 ml.) were boiled under reflux. The solid soon 
dissolved, and after 1 hr. yellow crystals began to separate 
from the boiling solution. After a further 15 min. the 
mixture was cooled, allowed to stand, then filtered, washed 
with methanol and dried. The 2:4-dinitrophenylhydrazone 
(0-11 g.), m.p. 197-200°, was recrystallized from methanol 
to yield glistening yellow needles, m.p. 199-200°; [a] 7461 

~ 140 + 10° in methanol (c, 0-1) [Found: C, 50-95, 50-7; H, 5-2, 
5-1; N, 18-35%; mol.wt. (Rast), 394. C,,H,,O,N; requires 
C, 50-9; H, 5-1; N, 18-6%; mol.wt. 377]. 

(b) Tenuazonic acid (0-22 g.) was dissolved in methanol 
(2 ml.), and Brady’s reagent (120 ml.) was added rapidly. 
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The solution soon clouded, and yellow crystals separated 
overnight. These were filtered, washed with water and dried 
(0-37 g.), m.p. 190-194°. Recrystallization from methanol 
yielded the pure compound (0-25 g.), identical in appear- 
ance, m.p. and mixed m.p. with the derivative obtained by 
method (a); [«]?%5; — 186-5° in methanol (c, 0-2). 

The compound dissolves slowly in aq. NaHCO, to give a 
dull yellow solution. A dilute ethanolic solution treated 
with a drop of aq. NaOH yields a deep-red colour. Addition 
of FeCl, to an ethanolic solution produces only a slight 
deepening of colour. 

Semicarbazone of tenuazonic acid. Tenuazonic acid 
(0-49 g.), hydrated sodium acetate (2-5g.) and water 
(2:5 ml.) were warmed slightly to give a clear solution, 
cooled, and treated with semicarbazide hydrochloride 
(0-5 g.), which dissolved at once. After some hours a gum 
separated, which hardened on rubbing; the mixture was 
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then left for some days at 0-5° to complete the separation of 


the derivative. The brownish solid was then filtered, washed 
with a minimum amount of ice-cold water and dried. The 
crude derivative (0-59 g.) was recrystallized from boiling 
water (7 ml.), cooling slowly with seeding to avoid separation 
as an oil. After 2-3 hr. a pale-brown first crop was filtered 
(0-18 g.), m.p. 186-187° with effervescence, and the filtrate 
produced a nearly white crop on standing at 0-5°. This 
material (0-22 g.), m.p. 188-189° with effervescence, was 
recrystallized from water (5 ml.) to give the semicarbazone 
as cream-coloured nodular crystals of indistinct form 
(0:14 g.), m.p. 187-189° with effervescence ;[«]?%, — 184-+5° 
in water (c, 0-2) (Found, on material dried at 100° in a high 
vacuum: C, 51-5; H, 7:3; N, 22-2. C,,H,,0,N, requires C, 
51-95; H, 7-1; N, 22-0). The semicarbazone gives a deep-blue 
colour with FeCl, in aq. or ethanolic solution. 

isoT'enuazonic acid. (a) Crude tenuazonic acid (1-37 g.) 
which had been standing at room temperature for 24 years, 
had darkened in colour, and was largely crystalline. It was 
dissolved in benzene, and some brown flocculent insoluble 
matter removed by filtration. The filtrate (15 ml.) was 
added slowly to light petroleum (b.p. 60-80°, 100 ml.) with 
shaking. More amorphous solid was precipitated, and was 
removed by filtration. After evaporation of the solvents, 
there remained a pale-yellow oil (1-13 g.) which soon began 
to crystallize, and which was dissolved without residue in 
light petroleum (b.p. 60-80°, 6 ml.). The solution was set 
aside to crystallize at 0-5° for 3 days, and then filtered, and 
the crystals were washed with a minimum volume of ice- 
cold light petroleum. The crude isotenuazonic acid (0-63 g.), 
m.p. 47-55°, was dissolved in light petroleum (b.p. 60—-80°, 
20 ml.) and passed through a short alumina column 
(45cm. x1-5cem.) to remove impurities: this involved 
considerable loss, the eluate yielding on evaporation only 
0:12 g. of nearly colourless crystalline material. Repeated 
recrystallization from small volumes of light petroleum gave 
pure isotenuazonic acid (0-059 g.) as colourless needles, 
m.p. 61-63-5°; a further quantity (0-25 g.), m.p. 61-62 
was obtained from the various residues; [a]?3,, +23 +2° i 
CHCl, (c, 0-5). [Found: C, 61-2; H, 7-8; N, 685%; equiv. 
by titration, 203; mol.wt. (Rast), 225. C,)>H,;0,N requires 
C, 60-9; H, 7-7; N, 7-1%; mol.wt., 197]. 

(6) A solution of tenuazonic acid (0-48 g.) in 0-1n-NaOH 
(49 ml.) was boiled under reflux. At intervals the solution 
was cooled and the optical rotation observed. The initial 
54g, Was —2-4° (J, 1 dm.); after 1 hr., —0-6°; after 4 hr., 

+0-4°; after 7 hr., +0-6°; after 10 hr., +0-6°. After 10-3 hr. 
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at the boiling point the solution was cooled and acidified 
(3 ml. of 2N-HCl) and extracted with ether. The ether was 
evaporated, leaving a pale-brown gum (0°48 g.). Direct 
crystallization from light petroleum gave a mixture of 
crystals and brown gum; hence the product was first 
distilled in high vacuum in small portions on to a cold finger 
(bath temp., 50—-70°). The nearly colourless distillate, which 
slowly crystallized, was recrystallized from light petroleum 
to yield colourless needles (0-25 g.), m.p. 57-5-63-5°. 
Further recrystallization brought the m.p. to a constant 
59-5-62°, not depressed on admixture with the pure iso- 
tenuazonic acid from method (a); [«]?4g; +23+2° in CHCl, 
(c, 0-5). For confirmation it was converted into the copper 
salt; after crystallization this had [«]?4,, +23-41° in meth- 
anol (c, 1-0). 

isoTenuazonic acid is very similar in chemical properties 
to its isomer. The two compounds are indistinguishable by 
the FeCl, and copper acetate reactions, but Brady’s reagent 
gives a yellow precipitate which is mainly amorphous. 
isoTenuazonic acid is unstable; even when kept in a desic- 
cator it tends to liquefy slowly. 

Copper salt of isotenuazonic acid. Prepared in the same 
way as copper tenuazonate, the copper salt separates from 
aq. methanol in green needles, m.p. from 175°; [«]?i1 
+24-5+1° in methanol (on air-dried material; c, 1-0) 
[ Found, on air-dried material: OCH,, nil; loss in weight at 
100° in a high vacuum, 6-8, 7-0. Cu(C,)9H,,0,N),.,3H,O 
requires loss of 2H,O, 7-1%. Found, on material dried at 
100° in high vacuum: C, 51-0; H, 6-3; N, 6-1; Cu, 13-1. 
Cu(C,9H,,0,N)., H,O requires C, 50-7; H, 6-4; N, 5-9; Cu, 
13-4.%]. The solubility of the salt is similar to that of copper 
tenuazonate, but it can be crystallized from CHCI,. 

Action of 2:4-dinitrophenylhydrazine on isotenuazonic acid. 
(a) isoTenuazonic acid (0-05 g.) was dissolved in ethanol 
(3 ml.) and treated with Brady’s reagent (100 ml.). After 
24 hr. the solid was filtered (0-07 g.), m.p. 120-130°. When 
crystallized from methanol (7 ml.) it yielded a small 
quantity (0-02 g.) of yellow needles, m.p. 187-190°, raised 
to 188-193° on admixture with the 2:4-dinitropheny]- 
hydrazone of tenuazonic acid. 

(b) isoTenuazonic acid (0-10 g.), 2:4-dinitrophenylhydr- 
azine (0-09 g.) and methanol (5 ml.) were boiled under reflux 
for 1-5 hr. On cooling and scratching, crystallization com- 
menced. After 3hr., the mixture was filtered, yielding 
yellow needles (0-05 g.), m.p. 198-5-200-5°, [a] 5i61 — 140 + 10° 
in methanol (c, 0-1); a mixture with the derivative of tenu- 
azonic acid melted at 197-5-199-5°. The filtrate was allowed 
to evaporate to dryness in air, and the largely crystalline 
residue was moistened with methanol and filtered, yielding 
yellow needles (0-10 g.), m.p. 145-155°, raised on further 
recrystallization to 155-175°. This material is probably not 
pure, but has [«]?%,; +38-410° in methanol (c, 0-1). 

Semicarbazone of isotenuazonic acid. isoTenuazonic acid 
(72 mg.) and hydrated sodium acetate (0-5 g.) were dis- 
solved in water (0-5 ml.), and semicarbazide hydrochloride 
(0-1 g.) was added. The solution was allowed to stand at 
room temperature. Solid separated overnight, and after 
4 days it was collected (84 mg.), m.p. 198-199° with 
effervescence. When recrystallized from water, the semi- 
carbazone separated as nodular crystals, m.p. 206-206-5 
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with effervescence; [«]?3,, -37+5° in water (c, 0-2) [Found: 
C, 51-6, 51-9; H, 7-1, 7-2; N, 22-4. C,,H,,0,N, requires C, 
51-95; H, 7-1; N, 22:0%]. The compound gives a deep-blue 
colour with aq. FeCl,. 
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SUMMARY 


1. The culture filtrates of each of four strains of 


Alternaria tenuis auct., grown on Czapek—Dox 
medium, have been shown to contain one or more 
of five metabolic products or groups of products. 

2. One group, alternariol and alternariol methyl 
ether, has previously been shown to occur in the 
mycelium of this species; the remaining compounds 
have not previously been described. 

9 
three closely related isomeric colourless substances, 
C,;H,,0;, 
methoxyl group. 


containing one carbon-methyl and one 
Altenuic acid I, m.p. 183—184°, 
245-246°, are readily 
Ill, which 


variable melting point and gives a strong purple 


and altenuic acid II, m.p. 


converted into altenuic acid has a 


colour with ferric chloride in aqueous ethanol. 
4. Thirdly, a 
altenusin, C,;H,,0,,m.p. 202 


colourless reducing compound, 
203°, has been isolated 
from two of the strains. It is oxidized by ferric 
chloride to the yellow dehydroaltenusin, C,;H,,.O,, 
m.p. 189-190°, which has a deep-brown ferric 
reaction. Both compounds contain one carbon- 
methyl and one methoxy! group. 

5. Fourthly, altertenuol, C,,H,,0,, buff-coloured 
needles, m.p. 284-285°, has been isolated in small 
amounts from two strains. It contains one methoxy] 
group, but no carbon-methyl group, and gives an 


intense green ferric colour. 
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3. A second group, the altenuic acids, consists of 
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6. Lastly, two strains produce tenuazonic acid, 
C,9H,,0,N, b.p. about 117°/0-635 mm., [«]?4,, — 132 
in chloroform, which has not been obtained as a 
solid. On long standing, or more rapidly in boiling 
aqueous alkali, it isomerizes partly to isotenuazonic 
acid, [«]?2,, + 23° in chloroform, which forms colour- 
less needles, m.p. 61—63-5°. Both compounds are 
ketonic, and give a strong orange-red ferric reaction. 

7. Characteristic derivatives of all these new 
compounds are described. 

8. The molecular formulae 
lationship between all these metabolic products 


indicate some re- 


except tenuazonic acid. 
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analyses; and MrC. R. Humphery-Smith for much technical 
assistance. 
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The Conversion of Casein into Microbial Proteins in the Rumen 
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In an earlier paper McDonald (1954a) reviewed the 
problem of determining the extent to which the 


microbes of the rumen of the sheep were capable of 


utilizing the nitrogen of the host’s diet for the 
the 
difficulties were discussed in some detail and results 


synthesis of their own proteins; technical 
given for the fate of the ethanol-soluble protein, 
zein, in the rumen. For reasons given, it was con- 
sidered that zein would be less effectively utilized 
by the microbes than a more soluble protein. An 
effort was therefore made to devise a procedure for 
the study of casein, as it had already been shown 
that this protein was readily attacked in the rumen 
(McDonald, 1952; Chalmers, Cuthbertson & Synge, 
1954). 

* Present address: Commonwealth Scientific and 
Industrial Research Organization, Sheep Biology Labora- 
tory, Prospect, N.S.W., Australia. 


The characteristic feature of casein as a phospho- 
protein has been exploited to yield a direct assess- 
ment of the fraction of the dietary casein that 
escapes digestion in the rumen, and hence an 
assessment of the synthesis of microbial protein in 
the rumen. 


MATERIALS AND METHODS 


Animals. The experimental sheep were prepared with 
fistulae into the rumen and duodenum. The reasons for 
collecting abomasal contents immediately after passage into 
the duodenum have previously been recorded (McDonald, 
1954a). The duodenal fistula was prepared by McDonald’s 
(1953) modification of the surgical technique of Ward, 
Young & Huffman (1950) and Young (1951), and the rumen 
fistula by the procedure of Phillipson & Innes (1939). The 
fistulae were closed with pliable cannulae made from 
polyvinyl chloride (Welvic Paste P.B. supplied by Imperial 
Chemical Industries Ltd.). 
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Collection of ingesta. From the duodenal cannula the 
fluid was allowed to flow freely. Phillipson (1952) noted that 
flow of ingesta from the abomasum may cease for periods as 
long as 30 min.; this has been repeatedly confirmed in the 
present work. When the flow ceases there may be a back 
flow of bile and succus entericus from the duodenum; for this 
reason any fluid which trickled out from the cannula in the 
interval between gushes of ingesta from the abomasum was 
discarded. In practice this proved quite simple, as the bile 
and succus entericus flow slowly and are mucoid, in contrast 
with the rapid flow and the watery consistence of the 
abomasal contents. 

Since the material collected is heterogeneous, accurate 
sampling for analysis is difficult. All samples were measured 
by weight, large quantities have been used (usually 7-20 g.) 
and the sample was taken by pouring while the specimen was 
being stirred. All analyses have been made in duplicate or 
triplicate. 

Diets. The natural diets of ruminants contain a large 
proportion of roughage, which provides the stimulus to 
rumination (Phillipson, 1946); this, in turn, greatly stimu- 
lates the secretion of saliva (Denton, 1957), which plays an 
essential role in maintaining the digestive function of the 
rumen. Purified cellulose, even when fed in considerable 
quantities, was found to provide an inadequate stimulus for 
rumination. For these reasons it is very difficult to prepare 
a satisfactory diet of known chemical composition. The diets 
used in these experiments were also designed for a study of 
microbial synthesis of nucleic acids in the rumen (to be 
reported later); the basic ration was required to be free of 
nucleic acids and to have a minimum content of other 
nitrogenous substances. To this end the diet was based on 
alkali-extracted straw as the roughage. Schmidt &Thann- 
hauser (1945) showed that nucleic acids could be extracted 
from animal tissues by dilute alkali; after extraction of 
wheat straw with dilute aqueous NaOH at ambient temper- 
ature for 24 hr., no purines could be detected by a procedure 
(McDonald, 19546) which permitted measurement of purine 
content in untreated straw. The same extraction served to 
decrease the content of nitrogen to approx. 0-33%, i.e. 
about half its original value. It has been shown by Ferguson 
(1942) that extraction of straw by alkali doubles its feeding 
value as a source of energy for sheep. These fortunate 
coincidences have thus enabled the preparation of a 
partially purified diet, free of purines, and containing only 
minimal quantities of nitrogenous substances of unknown 
composition. 

The straw was chopped into lengths of about } in., 
extracted for 24 hr. in 15% NaOH (w/v) and washed in tap 
water with automatic siphoning until free from alkali; the 
bulk of the water was removed in a press and the straw was 
then dried under a forced draught at a temperature not 
exceeding 40°. 

The composition of the daily ration was: alkali-extracted 
straw 600 g., rice starch 150 g., sucrose 100 g., casein or 
casein digest 100 g., molasses 20 g. and salt mixture 30 g. 
The salt mixture consisted of NaCl 40%, CaCO, 17%, 
Ca,(PO,). 20%, MgSO,,7H,O 12%, KCl 8%, and purified 
salts yielding (mg./day) Co 1, Cu 10, Mn 2, Fe 20, andI, 1.The 
ingredients other than straw were made into a suspension 
with 400 ml. of water and then thoroughly mixed with the 
straw to give a moist mash. This procedure improved 
palatability and prevented separation of the fine powders 
from the straw. The ration was fed once per day and was 
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usually wholly consumed in 1 hr. Water was allowed ad 
libitum. The casein used for experimental periods was Light 
White Soluble (British Drug Houses Ltd.); in the intervals 
between experiments it was replaced by commercial casein 
(Hopkin & Williams Ltd.). The casein digest was supplied by 
Allen and Hanburys Ltd.; it was an enzymic digest, com- 
pletely soluble in 80% (v/v) aqueous ethanol. The molasses 
contained 0-59 g. of N/100 g., of which 0-13 g. of N/100 g. 
was non-dialysable and may be regarded as protein N. 
Vitamins A and D were supplied in concentrated form once 
weekly. 

Nitrogen. This was estimated by the Kjeldahl method 
according to the procedure recommended by Hiller, Plazin & 
Van Slyke (1948). In this procedure, if zine is allowed to 
accumulate in the distilling flask, due to incomplete 
removal of the Zn amalgam and excess of Zn powder, the 
rapid evolution of hydrogen during steam distillation can 
result in the carrying over of NaOH, in fine droplets, to the 
distillate. It was found that quantitative distillation of the 
NH, could be achieved most conveniently as follows: the 
digest was transferred from the Kjeldahl flask to a volumetric 
flask and made to volume; powdered Zn in appropriate 
quantity was added to the flask and the contents were 
thoroughly shaken; amalgamation of the Hg was rapid and 
duplicate aliquots were then taken for steam distillation of 
the NH, in the usual way. 

Protein N (P.N.) was estimated as the nitrogen remaining 
after exhaustive dialysis as described in the next paragraph; 
in order to reduce sampling errors, the entire sac with its 
contents was digested in a Kjeldahl flask; non-protein 
nitrogen (N.P.N.) was calculated as the difference between 
total N (T.N.) and P.N. 

Estimation of caseinin abomasal contents. It has been shown 
by Plimmer & Bayliss (1906) and Rimington & Kay (1926) 
that the phosphorus of casein is liberated as inorganic 
phosphate by hydrolysis with weak solutions of NaOH at 
37°; hence this reaction may be made the basis for an 
analysis for casein in a mixture which does not contain 
other alkali-labile phosphorus compounds or large amounts 
of inorganic phosphate. In the abomasal contents studied 
here, the concentration of casein was usually so low that 
conventional precipitation procedures proved inadequate 
for separation of casein from the inorganic and acid-soluble 
phosphates; a dialysis technique has therefore been de- 
veloped for this purpose. Cellophan tubing was cut into 
8 in. lengths, washed, knotted at one end and tested for 
leaks; these were gently inflated to resemble test tubes, 
stood in a rack and allowed to dry. Into each tube was 
placed about 0-1 g. of powdered thymol and then a weighed 
sample (7-10 g.) of abomasal contents; the walls of the tube 
were thoroughly washed down with 8-10 ml. of water and 
the upper end knotted in such a way as to include an air 
bubble under slight pressure. The sac was then clipped on the 
bars of a frame supported on an axle which carried a large 
pulley wheel. The frame used could hold more than 30 sacs. 
The frame was then completely immersed in a tank through 
which cold tap water was allowed to run continuously, and 
was rotated at approximately 20 rev./min. by a geared 
motor via reduction pulleys. As the axis of rotation was 
horizontal and at right angles to the long axis of the sac, the 
dialysate (i.e. the material subjected to dialysis) was con- 
tinuously stirred by the included air bubble; the diffusate, in 
turn, was continuously stirred by the rotation of the frame. 
This technique gave very efficient dialysis. After 36-48 hr. 
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dialysis, the flow of water was stopped and n-NaOH was 
added to bring the pH of the diffusate to about 10. After 
2 hr. further rotation, the sacs were removed, the free ends 
cut off and measured for length; the sacs were then blotted 
‘dry’, weighed, shaken to mix and immediately emptied 
into centrifuge tubes. The weight of contents was calculated 
from the gross weight by use of a previously determined 
correction for the weight of a known length of cellophan 
tubing wetted and blotted ‘dry’. After centrifuging, the 
opalescent supernatants were removed and 2 ml. portions 
were placed in 10 ml. volumetric flasks with 5 ml. of 
1-4n-NaOH-0-3m-NaCl and hydrolysed for 24 hr. at 37°. 
After hydrolysis, inorganic phosphate was estimated as 
described in the following section. The amount of inorganic 
phosphate before hydrolysis was estimated in each dialysate 
by treating a measured portion with H,SO,, to a final con- 
centration of 0-2N, at 37° for 24 hr.; under these conditions 
(as noted by Rimington & Kay, 1926) no inorganic phosphate 
was liberated from the casein used in this work. The dialysis 
reduced the concentration of inorganic phosphate to 
satisfactorily low levels; most values fell between 0-1 and 
0-2 mg./100 g. of abomasal contents and the range was 
0-007-0-76 mg./100 g. 

Proteolytic activity of pepsin and of microbial enzymes 
was destroyed by heating the abomasal contents to 80 
immediately after collection. Thymol was found to be a 
suitable preservative and the amount used was sufficient to 
ensure a small excess remaining in the sac at the end of the 
dialysis. Casein added to abomasal contents could be 
quantitatively recovered ; the results of a test of the method 
are given in Table 1. 

Estimation of casein by this procedure is of course not 
specific and is influenced by two factors: (a) possible in- 
complete extraction of residual traces of inorganic phosphate 
by acid in the estimation of phosphate in the control; 
(6) presence in the dialysed residues of substances other than 
casein which yield inorganic phosphate on alkaline hydro- 
lysis. Substances of this nature (possibly phosphoproteins) 
have been observed in animal tissues; Davidson, Frazer & 
Hutchison (1951) and Kennedy & Smith (1954) found that 
inorganic phosphate contributed to the ‘phosphoprotein’ 
fraction as defined in terms of extraction procedures of 
Schmidt & Thannhauser (1945) and Schneider (1945). In 
the results reported here, it is evident that the errors from 
these sources are quite small. 

Inorganic phosphate. When casein was hydrolysed as 
described above, the breakdown products could not be 
completely removed by suitable protein precipitants; the 


addition of molybdate to the ‘ protein-free’ solutions led to 
the formation of a cloudy precipitate which prevented the 
use of such methods as that of Fiske & Subbarow (1925). 
Further, the method of Berenblum & Chain (1938) could not 
be used owing to the formation of emulsions on shaking the 
hydrolysates with isobutanol and to adsorption of phospho- 
molybdate on the precipitate; the modifications of this 
method by Martin & Doty (1949) and Weil-Malherbe & 
Green (1951) were used as the basis for the following pro- 
cedure: The alkaline hydrolysates (containing NaCl) were 
neutralized with 1 ml. of 7N-H,SO, and treated with 1 ml. 
of m-AgClO, in 20% HClO, (w/v) (prepared by dissolving 
Ag,O in the calculated amount of HCIO,). The AgCl thus 
formed assisted in the removal of interfering substances. 
The mixture was made to 10 ml., vigorously shaken and 
then centrifuged; 2 ml. of the supernatant was pipetted into 
a glass-stoppered tube containing 6 ml. of isobutanol-light 
petroleum (b.p. 100-120°) (85:15, v/v); Iml. of 5% 
ammonium molybdate (w/v) in 4N-H,SO, was added, the 
tube was stoppered, vigorously shaken by machine for 
1 min. and then briefly centrifuged. 4 ml. of the clear upper 
layer was pipetted into a glass-stoppered tube and the blue 
colour developed by addition of 0-5 ml. of acid SnCl, (the 


stock solution contained 43 g. of SnCl,,2H,O in 100 ml. of 


conc. HCl; before use, this solution was diluted 1:400 in 
18n-H,SO,). This diluted solution is miscible with the 
organic solvent and the SnCl, remains in solution; the final 
concentrations are 0-01% SnCl, and 2n-H,SO,. [In later 
work it has been noted that, with some batches of HCIO., 
emulsions are formed on addition of the SnCl,. This can be 
prevented by diluting the stock solution of SnCl, 1:400 with 
a mixture of ethanol and 18Nn-H,SO, (3:1, v/v).] The blue 
colour, which was very stable, was read at 625 my. Stan- 
dards and appropriate blanks were put up with each series 
of analyses. A convenient standard, diluted from a stock 
solution, contained 4 yg. of P in 2 ml. and gave a density of 
approx. 0-36 at 625 my and 1 em. light path; hence satis- 
factory analyses could be made of solutions which contained 
about 0-3 yg. of P/ml. 

The casein in the abomasal contents was calculated from 


the relation: 
= > a APES 
Casein N (as % of total protein N) =- 





- x 100, 


where P.P. is protein phosphorus (mg. of P/100g. of 
abomasal contents), N/P is the nitrogen/phosphorus ratio in 
the dictary casein and P.N. is total protein N (mg. of 
N/100 g. of contents). 


Table 1. Recovery of casein added to abomasal contents 


For this test abomasal contents were taken before feeding, from, a sheep receiving the casein diet. To three portions of 
the contents were added 2 ml. of a casein solution containing 66-25 yg. of protein P/ml. The mixture was dialysed and 


analysed as described in the text. 


Abomasal $$  _____ 

contents Casein P Inorganic 
(g.) added phosphate-P 
6-63 0 0-71 
7-00 0 0-69 
6-96 0 0-72 
7-15 1-85 0-63 
7-65 1-73 0-73 
7-01 1-89 0-66 


Amounts (mg./100 g. of contents) 


Casein P 
recovered 


Casein P 


Protein P recovered (%) 
0-10 — ak 
0-20 E — 
0-18 =—e ie 
aa. 1-93 104 
1-92 1-73 100 
2-12 1-93 102 
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The figures for casein N (mg./100 g.) are calculated from the preceding column; the casein used contained 13-1% of N 


and 0-64% of P. 





Time Amounts present (mg./100 g. of contents) 
after _ - ——______A— “ Casein N 
feeding Protein Non-protein Protein Casein as % of 
(hr.) N N rE N protein N 
Sheep fed on hydrolysate diet 

0 92 36 0-04 0-82 0-9 

1 86 55 0-09 1-85 2-2 

2 78 63 0-10 2-05 2-6 

5 100 57 0-09 1-85 1-8 

10 100 47 0-04 0-82 0-8 

Sheep fed on casein diet 

0 80 38 0-14 2-87 3-6 

1 96 48 1-18 24-2 25-2 

2 92 52 1-89 38-8 42-1 

5 107 57 0-75 15-4 14-4 

10 98 46 3-28 3-3 


RESULTS AND DISCUSSION 


Two sheep were used in these experiments; one was 
maintained on the diet with casein for 2 years and 
the other with casein digest for 7 months. No 
difficulty was experienced in maintaining complete 
consumption of the ration every day once the 
animals had become accustomed to the diets. The 
results of three experiments on each animal are 
summarized in Figure 1. The origins of the data in 
this figure are illustrated with the protocols of two 
experiments, one on each sheep, given in Table 2. 
The curves for the sheep fed with casein digest show 
quite clearly that only negligible values are obtained 
for apparent casein N when in fact no casein was fed ; 
these observations give an estimate of the error 
unavoidably included in the analyses for the other 
animal. The curves for the sheep fed with casein 
show a sharp rise in the contribution of casein to the 
protein of the ingesta, with a peak at about 2 hr. 
after feeding and a sharp decline later. This decline 
is in accord with previous observations that casein 
is rapidly degraded in the rumen of the sheep 
(McDonald, 1952; Chalmers et al. 1954); the decline 
proceeds so rapidly that, at about 8-10 hr. after 
feeding, casein makes a negligible contribution to 
the total protein of the ingesta. 

The calculation of the relative contributions of 
casein and of microbial protein to the total protein 
received by the small intestine is based on certain 
assumptions which have been previously discussed 
in detail (McDonald, 1954a). Several further 
assumptions, implicit in these experiments, are: 

(a) That the several component fractions of casein 
are attacked at the same rate in the rumen and that 
the casein molecules are degraded in such a way 
that the ratio of N/P in the molecules of protein, 
defined in terms of the dialysis used, is unchanged: 
i.e. that phosphate is not split off leaving protein 
molecules with a higher N/P ratio or that amino 
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Fig. 1. Changes in concentration of casein in abomasal 
contents (@) in three experiments on one sheep. In 
control experiments (™) the ‘apparent casein’ is shown 
when none was fed; the nitrogen of the diet was supplied 
as casein hydrolysate. The area above the broken line A 
represents the probable contribution of the indigestible 
protein of straw in the diet to the total protein N. 


acids or peptides are not split off leaving a lower 
N/P ratio. Hipp, Groves, Custer & McMeekin 
(1952) showed that casein of cow’s milk contains 
three components, «-, B- and y-caseins, in the ratios of 
approximately 75: 22:3 respectively, and that these 
components have phosphorus contents of approxi- 
mately 0-98, 0-60 and 0-11 % respectively. Stirling 
& Wishart (1932) found that enzymic digestion of 
caseinogen by pepsin and trypsin yielded products 
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insoluble in trichloroacetic acid with respectively 
lower and higher N/P ratios than the original 
protein. 

(6) That all the inorganic phosphate estimated 
after alkaline hydrolysis is in fact derived from 
casein. The very low values obtained from the sheep 
fed with casein digest indicate that this assumption is 
substantially correct. 

(c) That the nitrogen of the straw passes through 
the rumen and abomasum undigested. This 
assumption is probably justified since the proteins 
of straw are known to have a low digestibility in 
sheep and cattle (Blaxter & Mitchell, 1948) and the 
material fed had been extracted with sodium 
hydroxide, which removed a large fraction of the 
total N. To the degree that the straw protein had 
been digested in the rumen, the contribution of the 
microbial protein given above will have been under- 
estimated. The broken horizontal line A in Fig. 1 
represents the contribution of the straw protein to 
the ingesta, and for purposes of this calculation it is 
assumed to be equal to the contribution of the straw 
to the total dietary N. 

In the earlier work with zein it was assumed that 
the loss of nitrogen from the rumen due to the 
absorption of ammonia was compensated by the 
addition of nitrogen to the rumen by the saliva. The 
diets used in the present experiments contained 
large quantities of starch and sucrose; McDonald 
(1952) and Annison, Chalmers, Marshall & Synge 
(1954) showed that administration of starch caused 
a steady decline in the concentration of ammonia, 
and there is good reason to believe that this pheno- 
menon is due to the utilization of carbohydrate and 
ammonia for bacterial growth. In Fig. 2 are shown 
the changes in concentration of ammonia N and 
N.P.N. in the rumen of the sheep fed with the casein 
digest; this shows clearly that in spite of a high 
concentration of N.P.N. (chiefly peptides and amino 
acids) the ammonia concentration rose only during 
the first hour after feeding and thereafter steadily 
declined to extremely low values. Since salivary N 
is of the order of 10-20 mg. of N/100ml., and 
salivary secretion is some 4—7 1./day, it is clear that 
the assumption mentioned above is unlikely to 
introduce gross error in these experiments. 

If these assumptions are accepted, the following 
calculation can be made as a first approximation: 
in Fig. 1, the areas under the curves for the casein-fed 
sheep indicate that casein comprised 8-5, 8-7 and 
9-2% (mean, 8-8%) of the total protein which 
passed from the abomasum to the small intestine. 
Since the straw contributed 13% of the dietary 
protein, it is evident that only 10% [i.e. 100 x 8-8/ 
(100—13)] of the dietary casein reached the small 
intestine. This estimate is presumably too high, 
sasein N’ appears in the 
pasein 


because some ‘apparent 
abomasal contents of the sheep fed with 
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hydrolysate; no correction is applied for this 
because more precise calculation does not appear to 
be justified. However, it is evident that in the 
experiments reported here at least 90 % of the casein 
in the diet was degraded in the rumen and resynthe- 
sized into microbial protein. 

In the three experiments reported, the maximum 
concentration of casein in the abomasal proteins, at 
approximately 2 hr. after feeding, averaged 47%. 
In ruminants the fodder passes, after mastication, 
into the rumen, from which it passes slowly, over 
a period of some days, to the abomasum and small 
intestine (see Balch, 1950). Thus each feed is mixed 
with the residues from preceding meals. If, in our 
experimental sheep, the rumen contained, at 24 hr. 
after feeding, an amount of protein equivalent to 
that in a day’s ration [as observed by Agrawala, 
Duncan & Huffman (1953) in bovines], the freshly 
consumed casein would be mixed with an equal 
quantity of microbial protein derived from the 
microbial growth of preceding days. Hence it would 
be expected that the maximum concentration of 
sasein in the ingesta leaving the rumen would be of 
the order of 50 % of the total protein. 

Attention has frequently been drawn to the 
importance in ruminant nutrition of microbial 
degradation of protein in the rumen and to the 
compensating protein synthesis due to microbial 
growth; this subject has recently been critically 
reviewed by Chalmers & Synge (1954). Although 
the qualitative aspects have been much studied, the 
technical difficulties have prevented a direct 
quantitative approach. McDonald (1954a) listed 
previous attempts at quantitative estimation of 
microbial contributions of protein and described a 
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Fig. 2. Changes in the concentration of non-protein N (O) 
and ammonia N (@) in the rumen liquor of a sheep fed 
on a diet in which casein digest provided 87 % of the total 
N. Each point represents the average of two observations. 
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new experimental approach to the problem; it was 
shown that, when zein was fed as the major nitro- 
genous component of the diet, some 40 % of the zein 
was utilized by rumen microbes for synthesis of their 
own proteins. Since zein was highly insoluble in 
aqueous media and was but slowly attacked in the 
rumen (McDonald, 1952), it was predicted that, with 
more favourable diets, the micro-organisms would 
make a greater contribution to the total protein 
finally available for digestion and absorption by the 
host ruminant ; this prediction has now been verified. 
Light white casein was selected as the dietary 
protein because it was soluble in rumen fluid, and 
was rapidly attacked by proteolytic organisms in 
the rumen (McDonald, 1952; Chalmers & Synge, 
1954; Chalmers et al. 1954; Annison et al. 1954). No 
information is yet available on the synthetic 
capacity of rumen microbes when the host is fed on 
ordinary diets; however, it is apparent that the 
proteins of fresh leaves are readily susceptible to 
degradation, since ammonia rapidly accumulates in 
the rumen of animals at pasture (McDonald, 1948; 
Johns, 1955); it is possible that under these condi- 
tions much of the pasture protein is converted into 
microbial protein. 

One limitation of the present experiments should 
be stressed : only one level of protein intake (100 g./ 
day) has been studied. This level is well above the 
minimum required for nitrogen equilibrium but is 
much below the intake expected for sheep on good 
pasture. There may be an upper limit to the capacity 
for growth of the micro-organisms in the ruamen—a 
limit determined by the factors governing the 
maximum concentration of organisms in the rumen 
contents and the raie of passage of ingesta through 
the rumen; the available data are inadequate for 
calculation of this growth rate. 


SUMMARY 


1. A partially purified diet, suitable for adult 
sheep, has been devised. When casein provided 87 % 
of the nitrogen in this diet, at least 90 % of the casein 
was degraded in the rumen and utilized for the 
synthesis of microbial proteins. 

2. This conclusion was based on the estimation of 
casein in the mixed ingesta leaving the stomach. 
A chemical procedure was developed for determining 
small amounts of casein in the presence of other 
proteins; this procedure relies on the removal of 
inorganic phosphate from the original sample by 
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dialysis, the alkaline hydrolysis of the phosphate 
group of casein and the subsequent estimation of 
the inorganic phosphate so formed. 


We wish to express our appreciation of the technical 
assistance given by Miss N. Hemington. 
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The thiol groups of some coenzyme-linked dehydro- 
genases, such as glyceraldehyde 3-phosphate and 
alcohol dehydrogenases, have been extensively 
studied and the evidence available points to an 
important function of the thiol group in the action of 
these enzymes (Racker, 19556; Kaplan & Ciotti, 
1954; Koeppe, Boyer & Stulberg, 1956; Van Eys & 
Kaplan, 1957). On the other hand little is known 
about the role of thiols in aldehyde dehydrogenases. 
A systematic study has therefore been carried out 
with the potassium-activated yeast aldehyde de- 
hydrogenase (Black, 1951), the triphosphopyridine 
nucleotide (TPN)-specific yeast aldehyde dehydro- 
genase (Seegmiller, 1953) and the diphosphopyrid- 
ine nucleotide (DPN)-specific aldehyde dehydro- 
genase from liver (Racker, 1949). These enzymes 
have been examined for (1) sensitivity to sulphydry] 
reagents, (2) activation by thiols, and (3) effect of 
coenzymes, acetaldehyde and cations on the sensi- 
tivity towards sulphydry] reagents. The potassium- 
activated enzyme from yeast and the liver aldehyde 
dehydrogenase are known to be thiols, as the first is 
inhibited by mercurial compounds and Cu?+ ions 
(Black, 1955) and the second by disulphide com- 
pounds (Racker, 1955a). The yeast TPN-specific 
aldehyde dehydrogenase has not been considered to 
be a thiol (Seegmiller, 1953, 1955) but the experi- 
ments reported below warrant its inclusion in the 
group of thiol enzymes. 

A preliminary account of part of this work has 
been published (Stoppani & Milstein, 1957). 


(X PERIMENTAL 
Materials 

The following were used: DPN (96% pure), TPN (90% 
pure), reduced diphosphopyridine nucleotide (DPNH) and 
2-amino-2-hydroxymethylpropane-1:3-diol (tris), from Sig- 
ma Chemical Co.; adenylic acid (AMP), N-ethylmaleimide 
and glutathione (sodium salt), from Schwarz Laboratories 
Inc.; cysteine hydrochloride, thioglycollic acid and di- 
sodium ethylenediaminetetra-acetate (EDTA), from British 
Drug Houses Ltd.; glycylglycine from Hoffmann-La Roche 
and Co. Ltd.; L-histidine and glycine from Eastman Kodak 
Co. p-Chloromercuribenzoic acid, o-iodosobenzoic acid, 
iodoacetic acid, mapharside (3-amino-4-hydroxyphenyl- 
arsenoxide), and BAL (2:3-dimercaptopropanol) were the 
same as used previously (Stoppani, Actis, Deferrari & 
Gonzalez, 1953). 


Methods 


Preparation of potassium-activated aldehyde dehydrogenase 


from yeast. This was extracted from acetone-dried yeast and 


purified according to Black (1955), except that precipitation 
with NaCl was replaced by fractionation with acetone. The 
acetone-dried yeast has the following advantages over yeast 
treated with liquid N,, as recommended by Black: (1) it can 
be prepared in bulk, stored indefinitely and extracted as 
required ; (2) its preparation does not require equipment for 
handling large volumes of liquid N,; and (3) the crude 
extracts obtained from them are free from TPN-specific 
aldehyde dehydrogenase. The fractionation with acetone 
gives enzyme preparations of low electrolyte concentration, 
which are required for experiments on SH protection by 
cations. However, only a two- or three-fold increase in 
purity is obtained, which is less than with the NaCl fraction- 
ation (cf. Black, 1955). 

Baker’s yeast (500 g.; starch-free) was washed twice in 
the centrifuge with 500 ml. of water, suspended in water and 
filtered with suction. The cake (280 g.) was cooled to 4’, 
blended for 1 min. in a Waring Blendor with 3 vol. of 
acetone previously cooled to —18°, and the solvent re- 
moved immediately with suction, on a Biichner funnel 
previously cooled to -—18°. The acetone treatment was 
repeated twice. The cake was washed twice with 150-200 ml. 
of peroxide-free ether precooled to — 18°, sucked dry and 
spread with a glass rod on a large sheet of paper, in a current 
of air. A nearly white powder was obtained which should 
be free from acetone or ether. The powder was kept in an 
evacuated desiccator, in the presence of liquid paraffin and 
solid NaOH. 

Yeast powder (50 g.) was blended with 200 ml. of water 
and 100 ml. of 0:3mM-K,HPO, at 0-4°, and the pH of the 
suspension was adjusted to 8-6. Black’s (1955) procedure 
was then followed as far as the precipitation of the enzyme 
at pH 4-7. In each step the volumes of reagents were 
adjusted to the initial amount of yeast in the proportions 
described by Black. The enzyme, dissolved in 0-025mM- 
K,HPO,, was centrifuged at 2500 rev./min., the precipitate 
was washed in the centrifuge with 10 ml. of the same 
phosphate solution, and the supernatants were combined. 
These extracts, with or without mm-cysteine, were kept 
frozen at —18° for several weeks without much loss of 
activity. The enzyme preparations used in the experiments 
reported in this paper were obtained by acetone-precipita- 
tion of extracts in the absence of cysteine. For this purpose 
the enzyme solutions were centrifuged to remove denatured 
protein, the pH was carefully adjusted to 6-3 and 50% (v/v) 
of ice-cold acetone was added with continuous stirring. The 
precipitate was separated by centrifuging for 3-5 min. at 
2500 rev./min. and —8°, dissolved in the original volume of 
0-015-tris buffer (pH 8-0) at 0°, and used shortly thereafter. 
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These preparations were very unstable and at — 18° became 
inactive in 24 hr. 

Preparation of TPN-specific aldehyde dehydrogenase from 
yeast. Yeast (200 g.), washed with water as described above, 
was added in small amounts to 1 1. of liquid N, in a Dewar 
flask. After all the N, had evaporated, the thawed yeast 
was poured slowly with stirring in 100 ml. of cold 0-3M- 
K,HPO, and the pH was adjusted to 8-6 with aq. 6n-NH, 
soln., the temperature being kept at 3-5°. The suspension 
was mechanically shaken for 2 hr., left at 4° for 24 hr. with 
occasional stirring and centrifuged at 0° and 3000 rev./min. 
The supernatant was fractionated with (NH,),SO, as 
described by Seegmiller (1955). The active precipitate was 
extracted several times with 4-5 ml. of 0-3mM-K,HPO,, the 
extracts were mixed and the pH was adjusted to 6:3 with 
3N-NH; soln. This preparation was submitted to a fraction- 
ation with acetone according to Seegmiller (1955). The pre- 
cipitate was dissolved in 0-015M-tris buffer, pH 7-7, and 
used immediately for the experiments, as it was very 
unstable. In this method the liquid-N, treatment replaces 
the mechanical disintegration of the yeast with sand, 
suggested by Seegmiller (1953). It has the advantages of 
avoiding the need for the special shaking machine required 
by the original method and for the introduction of sand 
into the preparation, which may contaminate the enzyme 
with inhibitors (e.g. heavy metals). The enzyme extracts 
used in the experiments contained small amounts of Black’s 
enzyme, but this did not interfere, as the latter is not active 
in the absence of K* ions and cysteine. 

Preparation of liver aldehyde dehydrogenase. This was 
prepared as described by Racker (1955a), except that the 
fractionation with nucleic acid was replaced by a precipita- 
tion with (NH,),SO,. The fraction which precipitated from 
51 to 60% saturation with (NH,),SO, at pH 6-0 was col- 
lected, dissolved in a small volume of water and used in the 
experiments. This allowed a twofold increase in purity and 
the concentration of the enzyme in a small volume. The 
enzyme kept well at — 18° for several weeks. 

The protein ecnceutratiou of the yeast aldehyde dehydro- 
genase preparations was determined according to Stadtman, 
Novelli & Lipmann (1951); with liver aldehyde dehydro- 
genase the spectrophotometric method of Warburg & 
Christian (1941) was used. 

Enzyme activities. Aldehyde dehydrogenase activities 
were assayed at room temperature (17—25°) according to 
Black (1951), Seegmiller (1953) and Racker (1949) re- 
spectively, except that (1) 0-05m-KCl was used in the assay 
of the potassium-dependent yeast enzyme, as in our experi- 
ments this concentration gave the maximal enzyme activity, 
and (2) in most of the assays for the TPN-specific aldehyde 
dehydrogenase the glycylglycine buffer recommended by 
Seegmiller (1955) was replaced by 0-015m-tris, pH 7-7. 
Unless stated otherwise the final volume of the assay 
mixtures was 3-0 ml. 

Enzyme activities are represented by 10% x AZ,49/min. 
where AF 549 is the increase in optical density of the assay 
mixture at 340 my after the addition of the substrate. When 
the enzyme activity decreased with time (particularly with 
the potassium-dependent yeast enzyme) the change of 
optical density was plotted against time and the slope of the 
curve at zero time was taken for the calculation of the 
enzyme activity. 

General procedure. Unless stated otherwise the inhibition 
experiments were carried out as follows. Water and the thiol 
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reagent were successively added to the enzyme dissolved in 
tris buffer (final concn. 0-015m), pH 8-0, up to a total 
volume of 0-5 ml. After the required time measured from 
the addition of the inhibitor, a sample was quickly diluted 
with the rest of the reaction mixture, and the dehydrogenase 
activity was measured. A control, treated in the same way 
except for the addition of thiol reagent, was carried out 
simultaneously and the percentage inhibition (/,,) was 
calculated. In the protection experiments, the thiol reagent 
was added to the enzyme in the presence of protector 
(coenzyme, acetaldehyde or cation) and the percentage 
inhibition (J, ,,) was calculated in relation to a control 
treated with protector alone. The percentage protection (P) 
of the enzyme was calculated from the expression 


P=100 (Jy, -Jp, te)/Ter- 


This procedure was imposed by the need to test the action of 
inhibitors in the absence of SH compounds, cations or 
substrates, which as shown in the results section may effect 
strongly the action of the SH reagents. 


RESULTS 
Sensitivity of aldehyde dehydrogenases to thiol reagents 


Aldehyde dehydrogenases are inhibited by maphar- 
side, o-iodosobenzoate, N -ethylmaleimide, p-chloro- 
mercuribenzoate and iodoacetate. The experiments 
summarized in Table 1 have not been conducted 
under identical conditions, but they allow the con- 
clusion that Seegmiller’s enzyme is the most strongly 
affected by o-iodosobenzoate, N-ethylmaleimide, 
p-chloromercuribenzoate and iodoacetate. On the 
other hand Black’s enzyme is the most sensitive to 
mapharside. Among the thiol reagents tested, p- 
chloromercuribenzoate and iodoacetate were re- 
spectively the most and the least effective inhibitors 
of aldehyde dehydrogenases. The inhibition of 
Seegmiller’s enzyme by p-chloromercuribenzoate 
and its partial reversal by cysteine are shown in 
Fig. 1. The action of iodoacetate developed slowly, 
incubation for 30min. being required to obtain 
maximum inhibition of Black’s enzyme. 


Activation of aldehyde dehydrogenases by thiols 
and other metal-binding compounds 


The activation by thiol compounds and other 
metal-complex-forming agents is a feature of many 
thiol enzymes. The addition of thiols is essential for 
the activity of the yeast potassium-activated 
enzyme and, when inactive, the aldehyde dehydro- 
genase from liver can be reactivated by addition of 
EDTA or thiols (Racker, 1955a). On the other 
hand there is no mention of a requirement by the 
yeast TPN-dependent enzyme for thiols, and this 
has been taken to differentiate this enzyme from 
the potassium-activated yeast aldehyde dehydro- 
genase (Seegmiller, 1953, 1955). On these grounds 
a systematic study of the effect of activators on 
aldehyde dehydrogenases seemed necessary. 
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Table 1. Inhibition of aldehyde dehydrogenases by thiol reagents 
The enzymes were dissolved in 0-015M-tris buffer, pH 8-0. 
Duration 
of treatment 
Amount of with 
Expt. enzyme inhibitor Inhibition 

no. Enzyme (mg.) Inhibitor (conen.) (sec.) (%) 
1 Black 0-6 Mapharside (0-032 mm) 30 97-3 
Seegmiller 0-3 Mapharside (0-032 mm) 30 79°8 

Racker 1-8 Mapharside (0-32 mm) 30 53-0 

2 Black 0-8 o-Iodosobenzoate (0-06 mm) 30 85-0 
Black 0-8 o-lodosobenzoate (0-02 mm) 30 58-2 

Seegmiller 4-4 o-lodosobenzoate (0-06 mm) 30 94-0 

Seegmiller 1-4 o-lodosobenzoate (0-02 mm) 30 94-4 

Racker 4-4 o-lodosobenzoate (0-2 mm) 60 74-4 

3 Black 1-9 N-Ethylmaleimide (0-024 mm) 60 50-0 
Seegmiller 4-0 N-Ethylmaleimide (0-024 mm) 60 71-4 

Racker 1-8 N-Ethylmaleimide (0-18 mm) 180 70-0 

4 Seegmiller 0-2 p-Chloromercuribenzoate (8 um) 30 61-0 
Racker 1-8 p-Chloromercuribenzoate (80 uM) 30 8-2 

Racker 1-8 p-Chloromercuribenzoate (80 uM) 120 24-2 

Racker 1-8 p-Chloromercuribenzoate (0-6 mm) 180 84:8 

5 Black “= lodoacetate (0-01 Mm) 300 31-0 
Seegmiller 4-2 Iodoacetate (0-01M) 300 94-3 

Racker 1-8 Iodoacetate (0-01 m) 300 18-0 








1 2 3 4 
Time (min.) 


Fig. 1. Inhibition by p-chloromercuribenzoate and reacti- 
vation by cysteine of the TPN-specific aldehyde dehydro- 
genase from yeast. Reaction mixtures contained: 

0-28 mg. of enzyme preparation; 0-015M-tris buffer, 

pH 7-7; 0-015mM-MgCl, ; 0-12 mm-TPN; 0-5 mm-acetalde- 

hyde; total vol., 3-0 ml. At A, addition of 0-02 ml. of 
p-chloromercuribenzoate (final conen., 0-12 mm); at 

B, addition of 0-03 ml. of cysteine (final conen., 0-10 mm). 


Our observations can be summarized as follows: 
(a) cysteine was essential for the activity of the 
potassium-activated enzyme; it increased the 
activity of the TPN-specific aldehyde dehydro- 
genase but did not affect significantly the activity 
of the liver enzyme (Table 2). The partial activation 
of the TPN-specific enzyme differentiates it clearly 
from the essential activation of the potassium- 
activated dehydrogenase, the activity of which was 


Table 2. Activation of aldehyde dehydrogenases 


Amount of enzyme: 80yg. (Expt. 1), 13 ug. (Expt. 2), 
0-44 mg. (Expt. 3) and 0-45 mg. (Expt. 4). The TPN- 
specific enzyme was assayed in 0-05M-glycylglycine buffer, 
pH 7-7. Unless stated otherwise cysteine was omitted in the 
mixture for the assay of the potassium-activated enzyme. 
Activity in 

relation to 
the enzyme 
treated with 


Enzyme 
activity 


Expt. 10°AE349/ |mM-cysteine 

no. Additions min. (%) 

Yeast potassium-activated aldehyde dehydrogenase 
1 Cysteine (mm) 540 100 
Glutathione (mm) 530 98 
Thioglycollate (mm) 480 89 
BAL (0-016 mm) 620 115 
EDTA (0-6 mm) 630 116 
None 16 3 
2 Cysteine (mm) 222 100 
Histidine (mm) 100 45 
Glycine (mm) d 1 
None 0 0 

Yeast TPN-specific aldehyde dehydrogenase 
3 Cysteine (mm) 112 100 
None 52 46 
Liver aldehyde dehydrogenase 

4 Cysteine (mm) 57 100 
Glutathione (mm) 70 23 
EDTA (0-15 mm) 68 120 
None 66 114 


negligible in the absence of cysteine. Glutathione 
and thioglycollate promoted the activity of this 
latter enzyme to the same extent as with cysteine 
(Table 2). (b) EDTA activated the potassium- 
requiring enzyme to the same extent as cysteine, 
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but did not affect the activity of the liver aldehyde 
dehydrogenase (Table 2). (c) Histidine promoted 
the activity of the potassium-activated enzyme, 
though less so than did cysteine, whereas glycine was 
completely ineffective (‘Table 2). (d) The actions of 
cysteine and EDTA were not additive (Table 3). 
Thus 0:06 mm-EDTA plus 0-002 mm-cysteine gave 
an enzyme activity of 530 units, that is only very 
slightly greater than the activity in the presence of 
EDTA alone, whereas the sum of their individual 
actions was 632 units. It is important that in this 
experiment both activators were at suboptimum 
concentrations. (e) The activation by histidine 
decreased with time, and hardly recovered the 
initial level by further addition of histidine. 
This was not due to enzyme inactivation, as the 


Table 3. 
activity of the 
dehydrogenase 


Effect of cysteine and EDTA on the 
potassium-requiring ° aldehyde 


Reaction mixtures contained 0-015M-tris buffer, pH 8-0, 
0-44 mm-DPN, 0-05m-KCl and 1-7 x 10-4m-acetaldehyde. 
Final vol., 3-0 ml. 80g. of enzyme preparation. 


Enzyme activity 


Additions 10°AF549/min. 
Cysteine (mm) 545 
Cysteine (2-0 um) 117 
EDTA (0-6 mm) 630 
EDTA (0-06 mm) 515 
EDTA (0-6 mm) +cysteine (2-0 um) 626 
EDTA (0-06 mm) + cysteine (2-0 um) 530 
None 16 








Time (min.) 


Fig. 2. Effect of cysteine, histidine and glycine on the 
potassium-activated aldehyde dehydrogenase from 
yeast. Reaction mixtures contained: 0-015M-tris buffer 
(pH 8-0); 0-05m-KCl; 0-44 mm-DPN; 0-17 mm-acetalde- 
hyde; total vol., 3-0 ml. Additions: A, mm-Cysteine; 
B and D, mm-histidine; C, mm-glycine. At c and h, 
0-03 ml. of cysteine and histidine respectively were added 
(final conen.: 1 and 2 mM respectively). 
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addition of cysteine reactivated the enzyme fully 
(Fig. 2). 

The activation experiments are consistent with 
the existence of essential thiol groups in the yeast 
aldehyde dehydrogenases. The lack of activation of 
the liver enzyme by the thiols or by EDTA, how- 
ever, is not evidence against the function of thiols in 
this enzyme, as other thiol-containing proteins 
present in the relatively impure preparations could 
keep the thiol groups of the enzyme in the active 
state. 


Effect of pyridine nucleotides on the inhibition 
of aldehyde dehydrogenases by thiol reagents 


In some thiol enzymes, such as glyceraldehyde 
3-phosphate dehydrogenase and alcohol dehydro- 
genase, the thiol groups of the enzyme are protected 
by the pyridine nucleotide coenzyme (Rapkine, 
Rapkine & Trpinac, 1939; Barron & Levine, 1952). 
These observations led us to test whether a similar 
protection is possible with aldehyde dehydro- 
genases. The Racker and Seegmiller enzymes are 
specific for DPN and TPN respectively. Black’s 
aldehyde dehydrogenase reduces DPN and TPN, 
but the reaction with the DPN takes place ten 
times as fast as with TPN (Black, 1955). 

As shown in Tables 4-6 the pyridine nucleotide 
coenzymes protected the thiol groups of aldehyde 
dehydrogenases. The effect was specific in the 
following respects: (a) TPN (but not DPN) pro- 
tected Seegmiller’s enzyme from inhibition by N- 
ethylmaleimide, 0-iodosobenzoate, iodoacetate and 
p-chloromercuribenzoate. (b) DPN (but not TPN) 
protected the liver aldehyde dehydrogenase against 
p-chloromercuribenzoate and 0-iodosobenzoate. It 
is remarkable that in the presence of DPN o0-iodoso- 
benzoate raised the activity of the enzyme to a level 
above that of the non-inhibited control preparations 
(Table 5). Asmaller ‘over-protection’ was obtained 
also with DPNH but not with TPN or 2-9 mm- 
AMP. (c) Both DPN and TPN prevented the in- 
hibition of Black’s enzyme by mapharside and o- 
iodosobenzoate (Table 6), whereas in a control 
experiment 8-9 mm-AMP did not affect the action of 
this arsenical. TPN was far less effective than DPN 
in the protection against mapharside, but the 
difference was less significant with o-iodosobenzoate. 
It must be noted, however, that in the latter experi- 
ment (Table 6) the TPN concentration was higher 
and the concentration of o-iodosobenzoate lower 
than in the experiment on the protection by DPN; 
this prevents any quantitative conclusions being 
drawn from these experiments. The state of oxida- 
tion of DPN was unimportant for the protection of 
Black’s aldehyde dehydrogenase, as DPN and 
DPNH had equal action on the inhibition of this 
enzyme by mapharside and N-ethylmaleimide 
(Table 6). 
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Table 4. Effect of pyridine nucleotides on the inhibition of the yeast T PN -specific 
aldehyde dehydrogenase by thiol reagents 


0-3 mg. (Expt. 1), 0-8 mg. (Expt. 2), 0-7 mg. (Expt. 3) or 0-6 mg. (Expt. 4) of enzyme preparation in 0-5 ml. of 0-051 m- 
tris buffer, pH 8-0, was treated with additions as shown, for 30 sec. (Expts. 1, 2 and 3) or 5 min. (Expt. 4). Enzyme 
activity measured in 0-2 ml. of these extracts. 

Enzyme 














Enzyme (ao 
Expt. activity Inhibition Protection 
no. Additions 10°A E549/min. (%) (%) 
1 None 175 _- mo 
N-Ethylmaleimide (0-02 mm) 2 98-6 — 
TPN (1-5 mm) 231 — 
TPN (1-5 mm) + V-ethylmaleimide (0-02 mm) 180 22-3 77-5 
DPN (2-7 mo) 160 _- — 
DPN (2-7 mm) + V-ethylmaleimide (0-02 mm) 3 98-1 0-9 
2 None 187 — —_ 
o-lodosobenzoate (0-055 mm) 2 98-9 — 
TPN (0-7 mm) 185 — 
TPN (0-7 mm) +0-iodosobenzoate (0-055 mm) 73 60-5 38-8 
DPN (2-5 mm) 182 — — 
DPN (2-5 mm) +0-iodosobenzoate (0-055 mm) 2 98-9 0-0 
3 None 160 — 
Todoacetate (0-004m) 76 
TPN (0-75 mm) 168 — a 
TPN (0-75 mM) + iodoacetate (0-004m) 132 21-4 59-0 
DPN (2-7 mm) 162 — 
DPN (2-7 mm) +iodoacetate (0-004 m) 74 54-4 -3-6 
4 None 202 — — 
p-Chloromercuribenzoate (8-0 uM) 78 61-3 ~- 
TPN (1-5 mm) 266 — — 
TPN (1-5 mm) + p-chloromercuribenzoate (8-0 um) 244 8-0 87-0 
DPN (2-7 mm) 225 — — 
DPN (2-7 mm) + p-chloromercuribenzoate (8-0 um) 104 53-8 75 


Table 5. Effect of pyridine nucleotides on the inhibition of liver aldehyde dehydrogenase by thiol reagents 


1-8 mg. (Expt. 1) or 4:3 mg. (Expts. 2 and 3) of enzyme preparation in 0-5 ml. of 0-015M-tris buffer, pH 8-0, was 
treated with additions as shown for 30 sec. (Expt. 1) or 1 min. (Expts. 2 and 3). Enzyme activity measured in 0-05 ml. 
(Expt. 1) or 0-2 ml. (Expts. 2 and 3) of these extracts. 

Enzyme 





Enzyme ————“ ——— 
Expt. activity Inhibition Protection 

no. Additions 10°AE'549/min. (%) (%) 
1 None 64 _ -— 
p-Chloromercuribenzoate (0-6 mm) 8 84-8 — 

DPN (2-7 mm) 88 — — 
DPN (2-7 mm) + p-chloromercuribenzoate (0-6 mm) 31 64-2 24:3 

TPN (1-5 mm) 75 7 i 
TPN (1-5 mm) + p-chloromercuribenzoate (0-6 mm) 11 85:3 - 0-6 

2 None 64 --- — 
o-lodosobenzoate (0-2 mm) 18 72-0 — 

DPN (0-3 mm) 64 — — 
DPN (0-3 mm) +0-iodosobenzoate (0-2 mm) 75 — 16-7 123-0 

TPN (0-3 mm) 64 = = 
TPN (0-3 mm) + 0-iodosobenzoate (0-2 mm) 20 68-1 5-4 

3 None 65 — — 
o-lodosobenzoate (0-2 mmo) 33 49-0 — 

DPN (2-7 mm) 87 — — 
DPN (2-7 mm) +0-iodosobenzoate (0-2 mm) 225 ~ 159-0 425-0 

DPNH (2-7 mm) 76 - — 


DPNH (2-7 mm) +-0-iodosobenzoate (0-2 mm) 120 — 58-0 218-0 
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Table 6. Effect of pyridine nucleotides on the inhibition of the yeast potassium-activated 
aldehyde dehydrogenase by thiol reagents 


0-9 mg. (Expt. 1), 0-6 mg. (Expt. 2), 0-4 mg. (Expt. 3), 3-5 mg. (Expt. 5) or 0-6 mg. (Expt. 6) of enzyme preparation in 
0-5 ml. of 0-015-tris buffer, pH 8-0, was treated with additions as shown, for 30 sec. (Expts. 1, 2, 5 and 6), 1 min. (Expt. 3) 
or 5 min. (Expt. 4). Enzyme activity was measured in 0-2 ml. (Expts. 1, 5 and 6), 0-1 ml. (Expt. 3) or 0-05 ml. (Expts. 2 
and 4) of these extracts. The amount of enzyme used in Expt. 4 was not recorded. 








Enzyme 
Enzyme —_—_—“——_ ———, 
Expt. activity Inhibition Protection 

no. Additions 10°A E449/min. (% (%) 
1 None 181 a —— 
Mapharside (0-064 mm) 50 72-4 — 

DPN (4-0 mm) 211 — —_ 

DPN (4-0 mo) + mapharside (0-064 mm) 131 37°8 47:8 

DPNH (4-0 mm) 105 — — 

DPNH (4-0 mm) + mapharside (0-064 mm) 65 38-1 47-4 

DPN (1-1 mm) 223 oo _— 

DPN (1-1 mm) + mapharside (0-064 mm) 136 39-0 46-3 

2 None 330 — 
Mapharside (0-032 mm) 9 97-3 —_— 

TPN (1-5 mm) 270 — -—~ 

TPN (1-5 mm) + mapharside (0-032 mm) 40 85-2 12-4 

3 None 149 ies a 
N-Ethylmaleimide (0-048 mm) 32 78-6 — 

DPN (1-3 mm) 179 — -— 

DPN (1-3 mm) + N-ethylmaleimide (0-048 mm) 100 44:3 43-6 

DPNH (1-3 mm) 108 — —~ 

DPNH (1-3 mm) + N-ethylmaleimide (0-048 mm) 57 47-3 39-8 

4 None 71 = ~- 
Iodoacetate (0-01 m) 44 38-0 - 

DPN (2-5 mm) 68 -- — 
DPN (2-5 mm) +iodoacetate (0-01 M) 66 3-3 91-2 

DPN (0:25 mm) 77 -- — 

DPN (0-25 mm) + iodoacetate (0-01 m) 57 25-7 32-4 

5 None 105 == — 
o-lodosobenzoate (0-06 mm) 26 75-2 ~— 

DPN (0-80 mm) 100 —- — 

DPN (0-80 mm) +0-iodosobenzoate (0-06 mm) 73 27-0 63-8 

6 None 340 — — 
o-lodosobenzoate (0-02 mm) 58 83-0 — 

TPN (1-5 mm) 320 -- — 

TPN (1-5 mm) +0-iodosobenzoate (0-02 mm) 205 36-0 56-7 


Effect of acetaldehyde on the inhibition of aldehyde 
dehydrogenases by thiol reagents 


Protection of many thiol enzymes by the sub- 
strate is a well-known phenomenon, e.g. succinic 
dehydrogenase by succinate (Hopkins, Morgan & 
Lutwak-Mann, 1938), alcohol dehydrogenase by 
ethanol (Barron & Levine,1952), glyceraldehyde 
3-phosphate dehydrogenase by glyceraldehyde 3- 
phosphate (Segal & Boyer, 1953) and carboxylase by 
pyruvate (Stoppani et al. 1953). On these grounds 
a similar protection of the aldehyde dehydrogenases 
by the substrate has been investigated. The results 
obtained were as follows: (a) Acetaldehyde dimin- 
ished the inhibition of liver aldehyde dehydro- 
genase by mapharside, o-iodosobenzoate and N- 
ethylmaleimide, but did not affect the action of 
p-chloromercuribenzoate, although the enzyme 
inhibition was submaximal (‘Table 7). (b) Acetalde- 


hyde also prevented, though to a smaller extent, the 
inhibition of Black’s enzyme by mapharside, o- 
iodosobenzoate and N-ethylmaleimide, but not by 
iodoacetate (Table 8). (c) The inhibition (53-8 %) of 
Seegmiller’s enzyme by 0-032 mm-mapharside was 
increased 23-3% by 1-6 mm-acetaldehyde. On the 
other hand acetaldehyde, in the same concentration, 
did not affect the extent of inhibition of this 
enzyme by 0-055 mm-o-iodosobenzoate, 0-024 mm- 
N-ethylmaleimide or 8-0yum-p-chloromercuri- 
benzoate. A 14:3% protection was, however, ob- 
tained against 0-004M-iodoacetate as inhibitor 
(enzyme inhibition 52-5 %). 


Effect of cations on the inhibition of aldehyde 
dehydrogenases by thiol reagents 
The activity of yeast aldehyde dehydrogenase 
depends upon the cation composition of the medium. 
Potassium and rubidium are essential activators of 
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Black’s enzyme (Black, 1951), whereas calcium and 
magnesium play the same role in regard to Seeg- 
miller’s aldehyde dehydrogenase (Seegmiller, 1953). 
Cations may influence the reactivity of the enzyme 
thiols and therefore their action on the inhibition of 
the enzymes by the thiol reagents was examined. 
Control experiments with NH,*, Na* and Li” ions 
were also carried out, the two last being known 
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In the experiment with Black’s aldehyde de- 
hydrogenase the following results were obtained: 
(a) Potassium ions diminished the inhibition by 
mapharside, 0-iodosobenzoate, N-ethylmaleimide 
and iodoacetate (Tables 9 and 10). The protec- 
tion against o-iodosobenzoate was quantitatively 
studied (‘Table 11) and the maximal effect was found 
with 0-06m-K*, i.e. near the concentration which 





produced maximal enzyme activity (unpublished 
work). (b) Rb” ions diminished the inhibition by 


inhibitors of Black’s enzyme. Cations were always 
introduced in the form of their chlorides. 


Table 7. 
4-3 mg. (Expts. 1 and 2) or 1-8 mg. (Expts. 3 and 4) of enzyme preparation in 0-5 ml. of 0-015M-tris buffer, pH 8-0, was 
treated with additions as shown, for 3 min. (Expts. 1, 3 and 4) or 1 min. (Expt. 2). Enzyme activity was measured in 0-2 ml. 


of these extracts. 


Effect of acetaldehyde on the inhibition of liver aldehyde dehydrogenase by thiol reagents 


Enzyme 





Enzyme 








Expt. activity Inhibition Protection 
no. Additions 10°AF549/min. (%) (%) 
J None 17 ae 
Mapharside (0-13 mm) 52 33-0 — 
Acetaldehyde (10 mm) 89 — — 
Acetaldehyde (10 mm) + mapharside (0-13 mm) 79 11-0 67-0 
2 None 66 - — 
o-lodosobenzoate (0-2 mm) 17 74-2 — 
Acetaldehyde (13 mm) 70 - — 
Acetaldehyde (13 mm) + 0-iodosobenzoate (0-2 mm) 36 48-6 34-4 
3 None 80 am << 
N-Ethylmaleimide (0-18 mm) 24 70-0 — 
Acetaldehyde (10 mm) 81 es ae 
Acetaldehyde (10 mm) + N-ethylmaleimide (0-18 mm) 37 54:3 22-4 
4 None 64 = — 
p-Chloromercuribenzoate (0-6 mm) 9 86-0 —- 
Acetaldehyde (10 mm) 81 — 
Acetaldehyde (10 mm) + p-chloromercuribenzoate (0-6 mm) 9 88-9 - 3-3 


Table 8. Effect of acetaldehyde on the inhibition of the potassium-activated yeast aldehyde dehydrogenase 
by thiol reagents 


1-6 mg. (Expt. 1), 3-5 mg. (Expt. 2), or 1-9 mg. (Expt. 3) of enzyme preparation in 0-5 ml. of 0-015M-tris buffer, pH 8-0, 
was treated with additions as shown, for 30 sec. (Expts. 1 and 2), 1 min. (Expt. 3) or 5 min. (Expt. 4). Enzyme activity was 


measured in 0-05 ml. of these extracts. The amount of enzyme used in Expt. 4 was not recorded. E 
cnzyme 





Enzyme a FS 
Expt. activity Inhibition Protection 
no. Additions 108A E.449/min. (%) (%) 
1 None 132 — 
Mapharside (0-064 mm) 32 75:8 “= 
Acetaldehyde (1-6 mm) 108 — — 
Acetaldehyde (1-6 mm) + mapharside (0-064 mm) 43 60-1 20-7 
2 None 105 — — 
o-lodosobenzoate (0-06 mmo) 26 75:2 — 
Acetaldehyde (1-6 mm) 79 bea eee 
Acetaldehyde (1-6 mm) + 0-iodosobenzoate (0-06 mm) 34 56-7 24-4 
Acetaldehyde (0-3 mm) 92 — 
Acetaldehyde (0-3 mm) + 0-iodosobenzoate (0-06 mm) 29 68-5 8-9 
3 None 104 — — 
N-Ethylmaleimide (0-024 mm) 56 53-9 = 
Acetaldehyde (1-6 mm) 100 — _- 
Acetaldehyde (1-6 mm) + N-ethylmaleimide (0-024 mm) 55 45-0 16-5 
4 None 122 = as 
Iodoacetate (0-01 m) 87 28-8 — 
Acetaldehyde (1-6 mm) 118 sas _ 
Acetaldehyde (1-6 mm) + iodoacetate (0-01 m) 84 29°5 - 2-6 
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de- Table 9. Effect of cations on the inhibition of Black’s aldehyde dehydrogenase 
ned; by mapharside and o-iodosobenzoate 
1 by 
y ’ 1-3 mg. (Expts. 1 and 3), 2-0 mg. (Expt. 2), 0-9 mg. (Expt. 4) and 2-4 mg. (Expt. 5) of enzyme preparation in 0-5 ml. of 





nide 0-015M-tris buffer, pH 8-0, were treated with additions as shown, for 30 sec. Enzyme activity was measured in 0-05 ml. 
atec- (Expts. 1, 2 and 4) or 0-1 ml. (Expts. 3 and 5) of these extracts. 
vely Enzyme 
yund , Enzyme ee 
hich Expt. -. activity | Inhibition Protection 
no. Additions 10°A F549/min. (%) (%) 
shed ] None 87 — -— 
rby |, Mapharside (0-064 mm) 23 73-5 
f K+ (0-12M) 91 — 
K+ (0-12m) + mapharside (0-064 mm) 64 29-7 59-7 
Nat (0-12M) 89 _- 
Na+ (0-12m) + mapharside (0-064 mm) 14 84-3 — 14-7 
, wae 2 None 150 — — 
2 ml. Mapharside (0-064 mm) 36 76-0 -- 
Rb+ (0-10m) 118 os = 
Rbt+ (0-10m) + mapharside (0-064 mm) 56 52-5 32-2 
as ) 3 None 71 — 
o-lodosobenzoate (0-02 mm) 32 55-0 cap 
K+ (0-4m) 95 — — 
K+ (0-4m) + 0-iodosobenzoate (0-02 mmo) 68 28-4 48-3 
K+ (0-12™m) 99 _- == 
K+ (0-12Mm) +0-iodosobenzoate (0-02 mm) 66 31-3 42-7 
Nat (0-20m) 58 sas at 
Nat (0-20M) + 0-iodosobenzoate (0-02 mm) 16 72-4 —31-6 
4 None 60 —- _— 
o-lodosobenzoate (0-02 mm) 25 58-3 . 
Rbt (0-12m) 63 — a 
Rb*+ (0-12M) +0-iodosobenzoate (0-02 mm) 22 65-0 -—11-5 
5 None 48 — — 
o-Iodosobenzoate (0-02 mm) 15 68-7 — 
Li+ (0-27) 50 : -— 
Lit (0-27) +0-iodosobenzoate (0-02 mm) + 92-0 — 34-0 


Table 10. Effect of cations on the inhibition of Black’s aldehyde dehydrogenase 
by N-ethylmaleimide and iodoacetate 
1-9 mg. (Expt. 1) or 2:5 mg. (Expt. 2) of enzyme preparation in 0-5 ml. of 0-015 -tris buffer, pH 7-9, was treated with 
se the additions as shown, for 1 min. (Expts. 1 and 2) or 5-5 min. (Expt. 3). Enzyme activity was measured in 0-05 ml. 
(Expts. 1 and 3) or 0-1 ml. (Expt. 2) of these extracts. The amount of enzyme used in Expt. 3 was not recorded. 


Enzymes 





| 8-0, 
was Enzyme A, 
Expt. activity Inhibition Protection 
no. Additions 108A F549/min. (%) (%) 
=n } 1 None 120 —— —~ 
on N-Ethylmaleimide (0-024 mm) 52 56-7 — 
Rbt (0-4m) 83 - - 
Rb+ (0-4m) + N-ethylmaleimide (0-024 mm) 79 4-7 91-1 
K+ (0-41) 102 = 
K+ (0-4m) + N-ethylmaleimide (0-024 mm) 58 43-1 24-0 
2 None 116 ~— ~- 
N-Ethylmaleimide (0-024 mm) 72 38-0 
} Lit (0-27m) 92 - - 
Lit (0-27m) + N-ethylmaleimide (0-024 mm) 65 29-3 22-8 
NH,*+ (0-1m) 96 — 
NH,*+ (0-1m) + N-ethylmaleimide (0-024 mm) 63 34:3 9-7 
3 None 224 _— - 
| Todoacetate (0-01 m) 150 33-0 
K+ (0-4) 211 — — 
K+ (0-4m) +iodoacetate (0-01 m) 200 5:2 84-2 
K+ (0-04) 240 ea : 
) K+ (0-04m) +iodoacetate (0-01 ™) 202 16-0 51-5 
K+ (0-004) 198 = 
K+ (0-004M) +iodoacetate (0-01 m) 125 36-7 — 11-2 
Nat (0-34m) 187 - 


Na+ (0-34M) +iodoacetate (0-01 m) 100 46-6 —41-7 
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mapharside and N-ethylmaleimide but potentiated 
the effect of o-iodosobenzoate. (c) Sodium ions in- 
creased the inhibition by mapharside and o0-iodoso- 
benzoate and, in a similar experiment, 0-34m-Na‘ 
increased by 41:3% the effect of iodoacetate. 
(d) Li* ions decreased the inhibition by N-ethyl- 
maleimide but increased the effect of o-iodoso- 
benzoate. On the other hand 0-27m-Li° did not 
affect the degree of inhibition (65-8 %) by 0-064 mm- 
mapharside. (e) Ammonium ions slightly dimin- 
ished the inhibition by N-ethylmaleimide, but in 
similar concentration did not alter the effect of 
0-032 mm-mapharside (79-0 % inhibition). 

In the experiments with the TPN-specific yeast 
aldehyde dehydrogenase, Ca?+ and Mg?+ ions did 
not diminish the inhibition of this enzyme, and in 
some instances rather increased the inhibitory 
effects of the thiol reagents. Thus 0-076 m-Mg?* and 
0-076M-Ca?+ increased by 13-4 and 10:9% re- 
spectively the inhibition by 0-032 mm-mapharside. 
At the same concentration Mg?+ ions increased by 
7-0 % the effect of 8-0 um-p-chloromercuribenzoate 
and Ca?* ions increased by 5-8 % the inhibition by 
0-055 mm-o-iodosobenzoate. On the other hand 
0-066mM-Mg?+ reduced by 14:3% the inhibition 
(52-5%) by 0-004M-iodoacetate, but the pro- 
tection was not specific, as 0-1mM-K*, which does 
not activate this enzyme, produced the same 
protection. 

Although the liver aldehyde dehydrogenase does 
not require activating cations a few protection 
experiments were carried out with K* ions and 
mapharside as inhibitor. However, 0-12M-K”*, i.e. 
the concentration which prevented the inhibition 
of Black’s enzyme by the arsenical, did not 
affect significantly the inhibition of the liver 
enzyme. 


Table 11. Effect of K* ions on the sensitivity of 
Black’s aldehyde dehydrogenase to 0-iodosobenzoate 


The experimental conditions were the same as in 
Table 9. Amount of enzyme preparation: 0-8 mg. (Expt. 1) 
and 1-3 mg. (Expt. 2). Enzyme activity was measured in 
0-1 ml. of these extracts. Inhibition (%) by 0-iodoso- 
benzoate in the absence of potassium ions: 84-5 (Expt. 1) 
and 55-0 (Expt. 2). 

Expt. 1 Expt. 2 


0-06 mm-o-Iodosobenzoate 0-02 mm-o-lodosobenzoate 


t 


Enzyme Enzyme 


K+ protection K+ protection 

(M) (%) (mM) (%) 
0-400 21-8 0-120 42-7 
0-120 26-9 0-060 73-2 
0-060 30-6 0-012 57-2 
0-012 9-1 0-006 40-3 

— — 0-0012 20-8 


— — 0-0006 —9-5 
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DISCUSSION 


The systematic inhibition by different thiol re- 
agents allows the inclusion of the TPN-specific 
aldehyde dehydrogenase from yeast in the group of 
sulphydryl enzymes and extends the evidence 
already existing on the role of thiols in the yeast 
potassium-requiring and liver aldehyde dehydro. 
genases. Except with mapharside, the TPN- 
specific aldehyde dehydrogenase appears to be the 
most susceptible towards thiol reagents. The fact 
that mapharside was more effective with the 
potassium-requiring enzyme rules out the possi- 
bility that its lesser sensitivity toward the other 
thiol reagents was due to protection by thiol im- 
purities present in the enzyme preparation, for in 
that case all the thiol reagents should be less 
effective towards this enzyme than towards the 
TPN-specific aldehyde dehydrogenase. 

The essential role of thiols in yeast aldehyde de- 
hydrogenase is consistent with their activation by 
thiol compounds, an observation which might be 
interpreted as a removal of the inhibitory action of 
heavy metals. This is probably the mechanism for the 
non-essential activation of the TPN-specific enzyme, 
but the essential activation of the potassium- 
depending aldehyde dehydrogenase requires more 
careful examination. The role of thiols in preventing 
heavy-metal inactivation is supported by the 
following arguments: (1) EDTA, a metal-complex- 
forming agent, produces the same activation as, or 
higher activation than, cysteine even at lower con- 
centration. (2) EDTA and cysteine act by the same 
mechanism, as shown by the non-additivity of their 
effects. (3) The effects of cysteine, histidine and 
glycine decrease in the order of their ability to form 
complexes with heavy metals (Albert, 1952). 
However, against this interpretation are the follow- 
ing facts: (1) EDTA and histidine activate enzyme 
systems, e.g. succinic oxidase, by a mechanism 
which does not involve removal of heavy metals 
(Bonner, 1954). (2) EDTA protects lactic dehydro- 
genase from inhibition by S?~ ions by a mechanism 
where the role of heavy metals is not evident 
& Vestling, 1956). (3) The TPN- 
specific aldehyde dehydrogenase does not require an 
organic activator, although it is more sensitive to 
thiol reagents than is Black’s enzyme. (4) The 
activation by histidine should be permanent and 


(Terayama 


proportional to the histidine concentration if it is 
due to dissociation of an enzyme-—mercaptide; this, 
however, is at variance with the experimental 
results. Although no mechanism can be proposed 
at present to explain the activation of Black’s 
other metal-binding 
does not 


enzyme by cysteine and 


compounds, the evidence available 
warrant an essential role of heavy metals in this 


effect. 
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The specific protection of aldehyde dehydro- 
genases by pyridine nucleotides shows the close 
connexion between coenzyme and enzyme thiols, 
which should be located near to or at the enzyme 
site that binds the coenzyme. The thiol(s) could 
(1) act as a link between enzyme and coenzyme 
whatever the state of oxidation of the latter (cf. 
Theorell & Bonnichsen, 1951; Van Eys & Kaplan, 
1957), or (2) form a bond between enzyme and 
oxidized coenzyme subject to cleavage (aldehydo- 
lysis) by the substrate (cf. Racker, 19556). Hypo- 
thesis (2) implies protection of the enzyme thiols by 
acetaldehyde and, in fact, this has been found with 
Racker’s and Black’s aldehyde dehydrogenases. 
However, the protection by acetaldehyde (1) is not 
absolute, as Black’s enzyme and the liver aldehyde 
dehydrogenase were inhibited respectively by 
iodoacetate and p-chloromercuribenzoate in the 
presence of acetaldehyde and (2) could be non- 
specific on account of the high reactivity of the 
carbonyl group of acetaldehyde (Racker,1955b). 
This is particularly important with Black’s enzyme 
which, as shown by kinetic studies (unpublished 
work), can form two enzyme-substrate compounds. 
The first is catalytically active and contains one 
acetaldehyde molecule/enzyme active site, whereas 
the second is not active and contains two molecules 
of acetaldehyde/enzyme active site. In the second 
complex, acetaldehyde could bind the thiol group 
normally involved in the enzyme-—coenzyme union 
and therefore (a) inhibit the enzyme and (b), in the 
absence of coenzyme, protect that thiol from inhibi- 
tion by thiol reagents. These arguments, together 


with the protection by DPNH and the lack of 


protection of Seegmiller’s enzyme by acetaldehyde, 
strongly support hypothesis (1), i.e. that thiols 
permanently bind enzyme to coenzyme. Neverthe- 
less in Racker’s enzyme there may be several 
thiol groups, and some could be involved in hemi- 
thioacetal formation. The problem resembles that 
presented by the role of thiols in glyceraldehyde 
3-phosphate and alcohol dehydrogenases, and 
experiments with pure enzyme preparations are 
required for a final conclusion. 


The action of cations on the sensitivity of 


aldehyde dehydrogenases to thiol reagents cannot 
be systematically related to the enzyme activation. 


In fact potassium and rubidium, two activators of 


Black’s aldehyde dehydrogenase, protected the 
thiols of this enzyme, but calcium and magnesium, 
which activated Seegmiller’s enzyme, rather poten- 
tiated the inhibition of the latter by the thiol 
reagents. Furthermore, potassium (activator) and 
lithium (inhibitor) gave similar protection to 
Black’s aldehyde dehydrogenase against N-ethy]- 
maleimide. The action of each cation varied also 
according to the nature of the thiol reagent. Thus 
rubidium decreased the effect of N-ethylmaleimide 
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but increased that of o-iodosobenzoate, whereas 
potassium diminished the action of both but was 
more effective against 0-iodosobenzoate. 

Notwithstanding these discrepancies, in some 
instances the protection of the thiols seemed to be 
connected with enzyme activation (and vice versa) 
as those cations which inhibited Black’s aldehyde 
dehydrogenase enhanced the action of the thiol 
reagents (e.g. 0-iodosobenzoate), while potassium 
and rubidium (enzyme activators) protected the 
enzyme thiols. Further, with potassium a quanti- 
tative relationship could be established between 
activation and protection of the enzyme. These 
facts may be explained perhaps by those properties 
of the ions that are dependent on their size, since 
according to Kachmar & Boyer (1953) comparison 
of the ionic radii of hydrated alkali-metal and NH,’ 
ionsshows that K* = Rb* = NH,* < Na* <Li*,which 
is the same order as that in which these ions (except 
NH,"*) affect Black’s aldehyde dehydrogenase. 

Present knowledge on the binding of cations by 
proteins is limited (ef. Gurd & Wilcox, 1956) and 
except for Carr’s (1956) recent observations there is 
no evidence for complex-formation between pro- 
teins and cations like Na* and K*. In addition to 
a general action on the ionic atmosphere of the 
protein molecule, there must be other effects of 
cations on each particular reaction of the thiol 
groups, otherwise it would be very difficult to 
understand their variable influence on the inhibition 
of Black’s aldehyde dehydrogenase by thiol 
reagents. 


SUMMARY 


1. The potassium-activated aldehyde dehydro- 
genase from yeast,the triphosphopyridine nucleotide 
(TPN)-specific aldehyde dehydrogenase from yeast 
and liver aldehyde dehydrogenase are inhibited by 
the following thiol reagents: mapharside, N-ethyl- 
maleimide, 0-iodosobenzoate, p-chloromercuribenzo- 
ate and iodoacetate. 

2. Thiol 
acetate and histidine are essential activators of 
the potassium-activated enzyme, whereas cysteine 
is a non-essential activator of the TPN-specific 


compounds, ethylenediaminetetra- 


aldehyde dehydrogenase. 

3. Pyridine nucleotide coenzymes prevent speci- 
fically the inhibition of aldehyde dehydrogenases by 
thiol reagents. 

4. Acetaldehyde prevents the inhibition of the 
potassium-activated aldehyde dehydrogenase and 
liver aldehyde dehydrogenase by some _ thiol 
reagents. The protection varies according to the 
inhibitor. The inhibition of the TPN-specific 
enzyme by thiol reagents is not significantly 
affected by acetaldehyde. 

5. The sensitivity of the potassium-activated 
enzyme towards thiol reagents varies in the presence 
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of the cations. The effect of some thiol reagents is 
diminished by activators (K* and Rb* ions) and 
increased by inhibitors (Na* and Li" ions). There is 
no general correlation between the effect of ions on 
the enzyme activity and the reactivity of the thiol 
groups. Cations which activate the TPN-specific 
enzyme do not affect significantly the enzyme 
inhibition by thiol reagents. 

6. Some convenient modifications have been 
introduced in the preparation of both yeast alde- 
hyde dehydrogenases. 


We are grateful to E. R. Squibb and Sons, Argentina, and 
to Industria Vidriera, Argentina, for financial support, and 
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Reaction of Ninhydrin in Acid Solution with Straight-Chain Amino 
Acids Containing Two Amino Groups and its Application 
to the Estimation of ae-Diaminopimelic Acid 


By ELIZABETH WORK 
University College Hospital Medical School, London, W.C.1 
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Certain basic amino acids, such as ornithine and 
lysine, were reported by Chinard (1952) to give 
coloured products when heated with ninhydrin in 
solution at about pH 1. With the exception of 
proline, the other common naturally occurring 
amino acids did not react significantly under these 
conditions. Since lanthionine also reacted (Newton, 
Abraham & Berridge, 1953) it was of interest to 
examine «e-diaminopimelic acid, which is structur- 
ally related to both lanthionine and lysine and which 
is widely distributed among many species of 
bacteria (Work & Dewey, 1953; Hoare & Work, 
1957). The product of reaction of acidic ninhydrin 
with diaminopimelic acid was yellow and thus 
resembled the reaction products from lysine or 
lanthionine, but differed from the red product 
given by ornithine. 

Other similar amino acids containing two amino 
groups are the various naturally occurring sulphur- 


containing diaminodicarboxylic acids and also the 
higher and lower homologues of diaminopimelic 
acid. Their reaction products with acidic ninhydrin 
were all examined in order to determine whether the 
reaction is a general one for diamino acids. The 
reaction of acidic ninhydrin with diaminopimelic 
acid and with certain other naturally occurring 
amino acids has been investigated with a view to 
finding a specific method for estimating diamino- 
pimelic acid. 


MATERIALS AND METHODS 


Unless otherwise stated, diaminopimelic acid and its homo- 
logues were unresolved synthetic samples; f am indebted to 
Dr H. Heath for diaminosuccinic and diaminoglutaric acids 
and to Dr D. Simmonds for other members of the homo- 
logous series. S-(8-Aminoethyl)cysteine was provided by 
Dr H. Lindley. ti- and meso-Diaminopimelic acid were 
prepared as described by Hoare & Work (1955). The other 
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amino acids were commercial samples. Basic and diamino- 
dicarboxylic amino acids were used in aqueous solutions in 
concentrations up to 3mm, depending on the optical 
density of the reaction products; other neutral and acidic 
amino acid solutions were 50-100 mm. 

Ninhydrin reagents. These were based on that described 
by Chinard (1952). Ninhydrin (recrystallized or A.R. grade, 
250 mg.) was dissolved in acetic acid (A.R. grade, 6 ml.) and 
the solution mixed with 4 ml. of (a) aq. 6mM-phosphoric 
acid, or (b) aq. 0-6m-phosphoric acid, or (c) water. These 
mixtures are referred to as reagents (a), (b) and (c). Reagent 
(d) was made by dissolving 250 mg. of the ninhydrin in 
10 ml. of the acetic acid. 

Conditions for the standard reaction. The amino acid solu- 
tion (0-5 ml.) was mixed with acetic acid (0-5 ml.) and nin- 
hydrin reagent (0-5 ml.). The resulting reaction mixture was 
at pH 0-3, 0-9 or 1-0 according to the concentration of 
phosphoric acid (a, b or c above). The solutions were covered 
and heated in a bath at 100° for the stated times, removed 
from the bath and cooled rapidly to room temperature. 
Acetic acid (3-5 ml.) was added to bring the final volume to 
5ml. A reagent blank containing water instead of the 
amino acid solution was treated identically. Any further 
dilution was with acetic acid, the reagent blank also being 
diluted. 

After the findings on cyclic imino acids by Schweet (1954) 
and Piez, Irreverre & Wolff (1956), modifications to the 
standard reaction were investigated. The reaction was 
carried out in a volume of 5 ml., all the acetic acid (4 ml.) 
being added before the ninhydrin reagent. The total amounts 
of water present were 14% (the usual amount) or 2%. In 
the latter case ninhydrin reagent (d) was used and the 
amino acid sample was added in 0-1 ml. of water. 

The optical density of the solutions of the various wave- 
lengths were read against the reagent blank in 1 cm.? silica 
cells ina Unicam spectrophotometer, type SP. 500, or (at 
440 my) in type SP. 600. 


RESULTS 


Reaction of acidic ninhydrin with amino acids 
containing two amino groups 


The reaction between diaminopimelic acid and 
acidic ninhydrin was first carried out in the mixture 
used by Chinard (1952), namely ninhydrin reagent 
(a) made from 6M-phosphoric acid (final pH, 0-3) 
and 1 ml. of all reactants. A yellow reaction pro- 
duct was produced and the spectrum showed 
absorption peaks of approximately equal intensity 
at 347 and 430 my (ef. Fig. 1, curve A). When a less 
acidic reaction mixture (b, pH 0-9) was used, the 
spectrum (cf. curve B) had a single peak at 347 mp; 
absorption at 430 mp was reduced by about 50%. 
The spectrum of the lysine-reaction product 
published by Chinard (1952) (see also curve C) 
resembled that produced from diaminopimelic acid 
at pH 0-9 except that lysine gave more absorption 
above 500 my; with lysine, change in acidity had no 
effect on the spectrum. 

The extinction coefficients of the diaminopimelic 
acid reaction product were reproducible at either 
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345 or 440 mp when the ninhydrin reaction was 
carried out at pH 0-9, but at pH 0-3 much greater 
variations from one experiment to another were 
obtained, although duplicates from the same experi- 
ments agreed well. A pH of 0-9 was therefore 
chosen for investigation of the reaction products 
from other amino acids. 

Since the reaction mixture described by Chinard 
(1952) contained ninhydrin in great excess over the 
amino acid, the contribution of the unused nin- 
hydrin to the spectrum was investigated. The 
spectrum, read against water, of a blank mixture 
made from 1 ml. of ninhydrin reagent (b), 1 ml. of 
water and | ml. of acetic acid, heated for 1 hr. and 
diluted to 5 ml., showed very strong absorption at 
320-340 mp (H=2-0) with the peak at less than 
320 mp; above 430 my there was no absorption. 
The unreacted ninhydrin thus contributed con- 
siderably to total absorption at 345 my, conse- 
quently any errors introduced during pipetting of 
the ninhydrin reagent would be reflected in the 
final absorption at 345 muy. 
made of reaction products from several amounts of 
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Fig. 1. 
amino acids with acidic ninhydrin at 100 
shown. Other conditions were as described in Methods. 
A, Diaminopimelic acid heated for 5 min.; ninhydrin 
reagent (a); B, diaminopimelic acid heated for 5 min., 
ninhydrin reagent (b); C, lysine heated for 60 min., 
ninhydrin reagent (b); D, diaminoadipic acid heated for 
60 min., ninhydrin reagent (5). 


Absorption spectra of products obtained by heating 
for times 
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diaminopimelic acid, and 1-0, 0-5 or 0-25 ml. of 
ninhydrin reagent (b), with corresponding reduc- 
tions in the volumes of acetic acid and water so as to 
equalize the proportions of the components of the 
reaction mixture. Final dilution was 5 ml. in each 
case. The only effect of lowering the amount of 
ninhydrin was to reduce peak absorption at the 
shorter wavelengths and so define the peak at 
345 mu; 0-5 ml. of all reactants was chosen as a 
convenient volume. 

The reaction of ninhydrin reagent (b) with all 
available homologues of diaminopimelic acid and 
lysine was investigated, after various times of 
heating (Table 1). The reaction with diaminopimelic 
acid was complete after heating for 2 min.; heating 
for 60 min. reduced the absorption slightly com- 
pared with that after 5 min. (Table 1, column 11). 
With lysine the reaction was not complete after 
5 min. The homologous diaminodicarboxylic acids, 
containing two to six carbon atoms in the chain, 
reacted strongly; diaminoadipic acid (Fig. 1, 
curve D) gave a red product almost identical with 
that from ornithine (A,,,,. 515, 475, 370 my); the 
products from the other amino acids were yellow and 
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Fig. 2. Absorption spectra of products obtained by heating 
sulphur-containing amino acids with ninhydrin reagent 
(6). Curves A, lanthionine: ——, heated for 5 min.; 
-++, heated for 35min. Curves B, S-(B-aminoethy]l)- 
cysteine: , heated for 5min.; ----- , heated for 
60 min. Curves C, cystine: ——, heated for 5 min.; 
-++, heated for 60 min. 





NINHYDRIN REACTION WITH DIAMINO ACIDS 419 


all had similar types of absorption spectra with one 
peak between 325 and 345my. The sulphur- 
containing diaminodicarboxylic acids also reacted 
under these conditions (Table 1 and Fig. 2). Cystine, 
cystathionine and homocystine after 5 min. heating 
gave colourless products with single absorption 
peaks between 325 and 340 my and low absorption 
beyond 440my; they differed from the non- 
sulphur-containing compounds in having low 
absorption at wavelengths longer than 400 my (see 
Table 1, column 10). With cystine (Fig. 2, curves C), 
after heating for 60 min. the peak was lower and 
absorption above 400 my had increased, and the 
colour changed to pale pink. Lanthionine, after 
5 min. heating, produced a yellow product with a 
strong peak at 360 my and a subsidiary peak at 
450 my; heating for 60 min. lowered the absorption 
at 360 my only so that the main peak was then at 
450 my (Fig. 2, curves A). Djenkolic acid did not 
react after 5 min.; heating for 30 min. produced a 
product with peaks at 360 and 450 my, but after 
60 min. absorption at both peak wavelengths was 
reduced. 

Basic amino acids reacted to give products having 
spectra similar to those of their neutral counter- 
parts, but generally with lower extinction coeffi- 
cients. An exception was S-(8-aminoethyl)cysteine. 
Here the colourless product produced by heating for 
5 min. had a spectrum (Fig. 2, curve B) with a very 
high peak at 340 my, and thus resembled cystine 
rather than lanthionine. The effect of longer heating 
was to lower the absorption at 340 my and raise it 
at 440 my so that a second peak was produced. 

Lowering the pH of the reaction mixture to 0-3 
had little effect on the shape of the spectrum of the 
reaction products with the exceptions of diamino- 
pimelic acid (already discussed) and of djenkolic acid 
and lanthionine where the optical density at the 
shorter wavelength peaks was decreased and that at 
the longer wavelength peaks increased. With other 
amino acids, there was sometimes no significant 
effect, or else the main peak was changed in in- 
tensity without change in position. 

The extinction coefficients under the various 
conditions of test were not always reproducible, 
particularly with the bases and the sulphur-con- 
taining compounds. This was probably because the 
reaction conditions chosen were not optimum. 


Reaction of acidic ninhydrin in the estimation 
of diaminopimelic acid 
The standard reaction at pH 0-9 (i.e. with nin- 
hydrin reagent 6) and 5 min. heating gave a linear 
relationship between optical density at 345, 340 or 
440 mp and the amount of diaminopimelic acid 
added within the range 0-03—0-6 mole (6-115 yg.), 
Fig. 3. Measurements at 440 my could be made in 
a photoelectric colorimeter, e.g. Unicam SP. 600, 
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although sensitivity and range were decreased. 
Further dilution with acetic acid of those solutions 
giving too strong absorption resulted in readings 
which did not lie on the same straight line as the 
undiluted solutions (see dotted line, Fig. 3). The 
meso and LL isomers of diaminopimelic acid reacted 
identically (Hoare & Work, 1957). 

In order to assess the suitability of this reaction 
for the estimation of diaminopimelic acid in 
biological materials, the ninhydrin reaction pro- 
ducts of all other naturally occurring amino acids 
were tested under these conditions for absorption at 
340 and 440 mu. With the exception of the amino 
acids included in Table 1, only cystine, tryptophan, 
tyrosine, histidine and proline gave ninhydrin 
products with significant absorptions at these 
wavelengths (Table 2). The other amino acids, 
tested at levels of 10 um/5 ml. or over, gave Ey4q,.,, 
less than 0-3 and E449,,,, less than 0-1. Ammonia in 
amounts up to 120 »g./5 ml. did not give a coloured 
product but it apparently reacted with the nin- 
hydrin, as 30yug. or more caused decreases in 
absorption at 340 my. The presence of both alanine 
and glutamic acid, which often accompany di- 
aminopimelic acid in bacterial peptides (Work, 
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Fig. 3. Effect of diaminopimelic acid concentration on 


optical density at 345 and 440 mp of the product of 
standard reaction with ninhydrin reagent (6) in 1-5 ml. 
for 5 min. at 100°, the mixture being diluted finally to 
5 ml. with acetic acid. Other conditions of test were as in 
Methods. @, Extinction at 345 my; A, extinction at 
440 my; the dotted line joins points obtained after 
diluting the final reaction mixture (5 ml.) from 0-75 pmole 
of diaminopimelic acid with an equal volume of acetic 
acid. 
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1957), in concentrations ten times that of diamino- 
pimelic acid had no effect on the result. 

Attempts were made to find reaction conditions 
producing minimum interference from other amino 
acids without affecting reproducibility of diamino- 
pimelic acid results. Table 2 shows some results 
from tests under various conditions on diamino- 
pimelic acid and on the interfering amino acids 
likely to occur in significant concentrations in 
biological materials. 

The standard reaction conditions were ulti- 
mately found to be the most satisfactory for 
diaminopimelic acid estimation. Although not 
applicable in the presence of lysine and certain other 
amino acids, these conditions are most convenient 
because of the short reaction time, wide range of 
diaminopimelic acid concentration and absence of 
interference by hydrochloric acid. When interfering 
amino acids cannot be eliminated and hydrochloric 
acid is not present, reaction in 5 ml. at 37° for 1-5 hr. 
can be used (Table 2), provided absorption is 
measured at 440mp. Under these conditions 
diaminopimelic acid gave products with two 
absorption peaks at 355 and 430 my; the strength 
of the phosphoric acid present (i.e. in ninhydrin 
reagents a, b or c) did not influence the reaction 
products, but the presence of hydrochloric acid 
prevented colour development. Lysine gave pro- 
ducts with low absorption at 440 my: but at the 
high lysine concentration of 3moles/5 ml. an 
E449 m, Of 0-100 was obtained. Tyrosine at a con- 
centration of 5-5moles/5 ml. gave an E4yo,,,, of 
0-260. Attempts to reduce the amount of water in 
the system to 2% of the volume, although giving 
colour specifically with diaminopimelic acid, led to 
results which varied from one experiment to another. 
With the usual proportion (14%) of water con- 
sistent results were obtained at 37°, although the 
straight-line relationship between optical density, 
measured at either peak, and diaminopimelic acid 
concentration persisted only up to 0-3 ymole/5 ml. 
Some of the sulphur-containing diamino acids 
reacted strongly under these conditions, e.g. 
lanthionine (0-2 wmole/5 ml., E349, 9°432, Ly40 my 
0-260), S-(8-aminoethyl)cysteine (0-2 pmole/5 ml., 
E340 my, 160, E’g49 my 110). 

Diaminopimelic acid can be estimated directly by 
the standard method in biological materials, such as 
enzymic reaction mixtures, where it is present in 
high concentrations compared with other amino 
acids. For example, an experiment was carried out 
to find out whether diaminopimelic acid was meta- 
bolized anaerobically by an asporogenous variant 
strain of Bacillus sphaericus (N.C.T.C. 7582). 
Warburg flasks contained 30 mg. of acetone-dried 
cells in 1-6 ml. of 0-1M-phosphate buffer, pH 6-8, 
and after gassing with nitrogen, 4 mg. of synthetic 
diaminopimelic acid in 0-4 ml. of water was tipped 
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from the side arm. A control flask contained no 
added amino acid. After incubation for various 
times at 37°, each flask was heated for 5 min. at 
100° and its contents were centrifuged; 0-5 ml. of 
the supernatant was added to 5 ml. of acetic acid. 
Diaminopimelic acid was estimated in 0-5 ml. of 
this mixture, 0-5 ml. of ninhydrin reagent (b) and 
0-5 ml. of water being added. The standards con- 
sisted of the control flask similarly treated (0-5 ml.), 
to which were added 0-5, 0-4, 0:3 and 0-2 ml. of 
diaminopimelic acid (0-2 mg./ml.) and water to 
0-5 ml. After 5 min. at 100° and dilution to 5 ml., 
absorption at 440 my was read, the contents of the 
control flask without added diaminopimelic acid 
being used as blank. The amounts of diaminopimelic 
acid in each flask after 0, 30, 60 and 300 min. 
incubation were 4:32, 4:40, 4:48 and 4-05 mg. 
respectively. This indicated an experimental error 
of about 10%, since it was evident that diamino- 
pimelic acid had not been metabolized. 

The method is suitable for estimation of diamino- 
pimelic acid in acidic eluates from ion-exchange 
columns; for example, in preparing diaminopimelic 
acid from culture filtrates of mutant Escherichia coli 
26-26, the culture filtrate (200 ml.) (Work & 
Denman, 1953) was passed through a column of 
Zeo-Karb 225 (43% cross-linked) 60 cm. x 0-9 em. 
with 1-25n-hydrochlorie acid as eluent (Hoare & 
Work, 1955). The diaminopimelic acid peak was 
detected by testing 0-1 ml. samples of the eluate by 
the standard ninhydrin reaction (reagent 6b, vol. 
1-5 ml.). Ammonia not interfere with the 
reaction and no trouble was experienced with 
variations in base line. Diaminopimelic acid can 
also be estimated in ‘spots’ cut from paper chro- 
matograms, as there are no blank reactions given by 
other parts of the filter paper (I am indebted to 
Mr R. E. Strange for this information). A straight- 
line relationship was found between colour at 
440 mp, which developed on heating the cut-out 
filter-paper ‘spots’ in the reaction mixture, and the 
amount of diaminopimelic acid (0-1—1-0 umole) 
applied to the chromatogram. Methanol—water— 
10Nn-hydrochloric acid—pyridine (80:17-5:2-5:10) 
was the solvent system for development of the 
chromatogram (Hoare & Work, 1955). 


does 


DISCUSSION 


Ninhydrin reacts specifically under certain acidic 
conditions with all straight-chain amino acids con- 
taining two amino groups. It is also known to 
react with cyclic imino acids (Piez et al. 1956). As 
the dibasic amino acids behave in essentially the 
same way as their neutral dicarboxylic acid counter- 
parts, evidently only one amino group has to be in 
the position « to a carboxyl group. Since neither 
putrescine nor cadaverine reacts (see also Chinard, 
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1952) one carboxy! group is essential. All members 
of the homologous series of diaminodicarboxylic 
acids with less than seven carbon atoms separating 
the amino groups react strongly, and longer chain 
homologues react weakly. With the exception of 
diaminoadipic acid (C, chain), the distance between 
the amino groups has little effect on the spectrum of 
the reaction products, which has a single absorption 
maximum near 340my. The red product from 
diaminoadipic acid is the same as that described by 
Chinard (1952) for ornithine and proline. Calcula- 
tion of optical densities at the absorption maxima 
near 340 my on an equimolar basis shows that there 
is @ maximum for diaminopimelic acid (C; chain). 
Under more acidic conditions, the product from 
diaminopimelic acid shows a second absorption peak 
near 440 muy. 

The sulphur-containing diamino acids give 
products with stronger absorption than their 
carbon homologues; in fact, the product from 
S-(B-aminoethyl)cysteine has the highest optical 
density at 340 my of all the compounds investi- 
gated. Under certain reaction conditions the 
products from some of the sulphur-containing 
compounds show a second peak near 450 my; this is 
the wavelength given by Newton e¢ al. (1953) for 
the lanthionine peak. Cysteine has been reported by 
Chinard (1952) to give a coloured product and this 
has been confirmed for a freshly prepared solution; 
it is possible, however, that cysteine may only 
react after oxidation to cystine, since the reaction 
seems to be specific for diamino compounds. 

The reaction described is suitable for the estima- 
tion of diaminopimelic acid in pure solution; 
measurements can be made at either 345 or 440 muy. 
This technique has several advantages over other 
colorimetric methods of estimation of amino acids 
with ninhydrin (Moore & Stein, 1954; Cocking & 
Yemm, 1954), notably in increased specificity and 
absence of interference by ammonia. The only 
common naturally occurring amino acids liable to 
interfere seriously with the estimation in biological 
materials are lysine, cystine, tyrosine, tryptophan, 
proline and ornithine. By choosing suitable reaction 
conditions, interference can be greatly reduced, but 
not completely eliminated. 


SUMMARY 


1. At pH 1 or less ninhydrin reacts with straight- 
chain «a-diaminodicarboxylic acids, including 
sulphur-containing compounds, and with dibasic 
amino acids. 

2. The spectra of the reaction products, except 
that with diaminoadipic acid, all show absorption 
peaks at 320-350 my and sometimes also at 430- 
460 mp. Diaminoadipic acid resembles ornithine 
in having its main peak at 515 mp. 
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3. Change in acidity affects the shape of the 
absorption spectrum of diaminopimelic acid only. 
The absorption at 440 my increases on decrease of 
pH from 1-0 to 0-3. 

4. The reaction can be used for the estimation of 
diaminopimelic acid, provided that tryptophan, 
cystine, ornithine, proline and lysine are not 
present in excess. 
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Liver and Brain Mitochondria 


By W. N. ALDRIDGE 
Unit for Research in Toxicology, M.R.C. Laboratories, Carshalton, Surrey 


(Received 1 May 1957) 


Biochemical studies upon mitochondria may be 
undertaken from two points of view. The mech- 
anism of the reactions mediated by the catalysts in 
the mitochondria may be the main interest, or 
studies may be made of biochemical properties of 
mitochondria in order to gain information to be 
applied to the physiology and biochemistry of the 
whole animal. Such points of view may overlap, but 
essentially the approach to the preparation and the 
environment in which the mitochondria are to be 
studied is different. For the study of mitochondria 
conditions may be used in which the reactions occur 
most efficiently ; for correlation with studies of the 
whole animal the mitochondria should be un- 
damaged and in a medium that resembles their 
normal intracellular environment. We are at present 
interested in the toxic action of 2:4-dinitrophenol 
and trialkyltin compounds, both of which act 
on the processes of oxidative phosphorylation 
in mitochondria (Loomis & Lipmann, 1948; 
Aldridge & Cremer, 1955). Such processes are 
particularly sensitive to modifications in the 
structure of mitochondria during their isolation and 
in their subsequent examination. If biochemical 
studies on these toxic agents are to be correlated 
with the physiology and pathology of the intoxicated 
animal, it seems essential to use mitochondria under 
natural conditions. 

From a preliminary survey of the media which 
have been used for isolation and suspension, it was 
clear that they varied considerably in their tonicity 
and composition. Recent work (Opie, 1949; Opie & 
Rothband, 1953; Robinson, 1950, 1952) has cast 
doubt on the accepted concept that the cells of the 


tissues are isotonic with blood (Peters, 1944). 
However, an isotonic solution to maintain the cell at 
its normal volume must contain substances which 
do not penetrate the cell (Davson, 1951). Since 
aqueous sodium chloride was used by these workers, 
and Leaf (1955, 1956) has shown that when tissues 
swell in Krebs—Ringer solutions sodium chloride 
passes into the cells, there is no evidence to support 
the concept that the contents of cells are hypertonic 
with respect to the extracellular fluid. Osmotic 
equality between intracellular and extracellular 
fluids agrees with the work of Deyrup (1953), who 
showed that slices of renal cortex do not swell in 
solutions of non-penetrating substances such as 
sucrose, maltose and lactose. The tonicity of the 
cytoplasm has been taken as 0-3 osmolar (Krebs & 
Henseleit, 1932; Conway & McCormack, 1953). In 
the intracellular fluid the cations present are 
potassium and magnesium and the bulk of the 
anions are phosphorus compounds (Hastings, 1940; 
Manery, 1954). The concentration of the main 
constituents of the intracellular fluid of the liver and 
brain (Table 1) have been calculated on the basis 
that chloride ions are extracellular (Truax, 1939; 
Hastings, 1940; Lowry, 1943; Manery, 1954) and the 
assumption that the other electrolytes are all in 
solution in the intracellular water. The results of 
these calculations for liver and brain are similar and 
a medium with a tonicity of 0-3 osmolar for mano 

metric experiments has been prepared with the 
proportions of potassium :magnesium: inorganic + 

nucleotide + phosphocreatine phosphorus, the same 
as those in the calculated composition of the intra- 
cellular fluid. 
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The pH of the medium used for the study of 
mitochondria is almost always pH 7-4, although it is 
doubtful whether this is the pH of the intracellular 
fluid. Rous (1925) suggested that the intracellular 
fluid was more acid than the plasma and extra- 
cellular fluid. By the use of a micro-injection 
technique (Chambers & Fell, 1931) it was concluded 
that the pH of the cytoplasm of a variety of cells is 


about 6-8 (Chambers, Pollack & Hiller, 1927; 
Chambers & Ludford, 1932; Chambers, 1940). 


Calculations from the bicarbonate concentration 
with the Henderson—Hasselbalch equation lead to 
values of about 6-9 (Hill & Kupalov, 1930; Hastings, 
1940) and a direct measure of the pH of the cyto- 
plasm of crab muscle by means of micro-glass 
electrodes indicated pH 6-9 (Caldwell, 1954). It is 
thus uniformly agreed by workers who have con- 
sidered the problem that the pH of intracellular 
fluid is below pH 7. The experiments described in 
this paper have been carried out at pH 6-8. 

For a study of this kind it is essential to have a 
reliable measure of mitochondrial normality. The 
rate of oxidation of substances by mitochondria may 
be regulated by the availability of phosphate 
acceptors (Potter & Rechnagel, 1951; Siekevitz & 
Potter, 1953; Chance & Williams, 1955). Some 
workers (Siekevitz & Potter, 1953; Maley & Lardy, 
1955) have found that 2:4-dinitrophenol produces 
stimulation of the rate of oxidation by mitochondria ; 
others (Judah & Williams-Ashman, 1951; Judah, 
1951) have not found this. Organisms regulate 
energy production to their needs and part at least of 
this regulation may be mediated through the 
coupling of mitochondrial oxidation and phos- 
phorylation. Also 2:4-dinitrophenol increases the 
metabolic rate of whole animals (Tainter & Cutting, 
1933; Stoner, 1956) and tissue slices (Fuhrman & 
Field, 1942a, b; Field, Tainter, Martin & Belding, 
1937; Terner, 1951; McIlwain, 1953). In this paper 
it is demonstrated that the rate of oxidation of a 
variety of substances by liver and brain mito- 
chondria, isolated and studied as described below, 
is much increased by the addition of hexokinase and 
glucose, potato apyrase or 2:4-dinitrophenol. The 
power to react in this way is taken as a criterion of 
normality. Liver mitochondria show a high degree 
of stability at 37° under these conditions, though 
brain mitochondria have not yet been obtained in as 
stable a condition. 

This paper describes the methods whereby pre- 
parations of mitochondria showing these properties 
may be regularly obtained. 


METHODS 


Purification of reagents 
All reagents were prepared in deionized water and stored in 
polythene bottles at +5°. 
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Deionized water. Ordinary distilled water was passed 
through a mixed column of 1 part of Amberlite IR-120 (H) 
and 2 parts of IRA-400 (OH) (Davies & Nancollas, 1950). 

Potassium chloride. This was recrystallized from deionized 
water, and a stock solution (1-5m) was prepared. 

Magnesium chloride. The stock solution (finally 2m) was 
shaken vigorously with 0-01 % (w/v) dithizone in chloroform, 
the excess of dithizone removed by chloroform and the 
chloroform removed by aeration. 

Potassium hydroxide. AnalaR, KOH (British Drug Houses 
Ltd., 550 g.) was dissolved in deionized water and diluted to 
550 ml. After crystallizing at +5° overnight the crystals 
were drained at +5° and redissolved by heat in 50 ml. of 
water. Recrystallization took place at +5°. After being 
drained the crystals were washed with 20 ml. of water, 
drained and dissolved in 300-400 ml. of deionized water to 
give a stock solution for neutralizing reagents. 

Potassium phosphate. Phosphoric acid (0-15m AnalaR; 
British Drug Houses Ltd.) was run down a column (3 ft. » 
£ in.) of Amberlite IR-120 (H). The acid was neutralized 
with purified KOH, the phosphate concentration deter- 
mined by analysis and the solution diluted to 0-1M. 

Potassium B-glycerophosphate. Disodium £-glycerophos- 
phate (0-4m) was run down a column (3 ft. x2 in.) of 
Amberlite IR-120 (H) and the free acid neutralized with 
purified KOH and diluted to 0-3. 

Octanoic acid. This was redistilled twice in vacuo. 


Special chemicals and reagents 


The following chemicals were used unpurified and were 
obtained from the sources indicated : adenosine 5-phosphate 
(AMP), glycylglycine, L-glutamic acid, 2-oxoglutaric acid, 
sodium pyruvate, L-ascorbic acid, cocarboxylase (Roche 
Products Ltd.), disodium salt of adenosine triphosphate 
(ATP), coenzyme A, flavinadenine dinucleotide (FAD) 
(Sigma Chemical Co., St Louis, Mo., U.S.A.), ethylenedi- 
aminetetra-acetic acid (EDTA) (Hopkin and Williams Ltd.), 
glucose, disodium citrate, sodium fumarate (British Drug 
Houses Ltd.), t-malic, B-hydroxybutyric and lipoic acids 
(L. Light & Co. Ltd.). All free acids were neutralized before 
use with purified KOH. 

Coenzyme 1 and cytochrome c were prepared and assayed 
as previously described (Aldridge & Cremer, 1955). Co- 
enzyme II was prepared from ox liver by the method of 
Kornberg & Horecker (1953). A yield of 1-1 g. was obtained 
by processing 1 ewt. of ox liver with purification on Dowex 
1-X2. Assayed by means of isocitric dehydrogenase, it 
contained 60% of coenzyme 1. 

Potato apyrase was prepared by the method of Lee & 
Kiler (1951). Assayed by the method of Krishnan (19492) 
the preparation had an activity of 11 000 units/ml. 

Hexokinase was prepared from baker’s yeast by a 
modification by V. P. Parker (unpublished) of the method of 
Berger, Slein, Colowick & Cori (1946). The preparation was 
taken to the equivalent of their step 5 and when assayed by 
their procedure (but at 37° instead of 30°) this preparation 
had a specific activity of 1000 units and an activity of 
4000 units/ml. 

Medium 


In Table 1 are shown the results of calculations of the 
composition of the intracellular fluid of rat liver and brain. 
These calculations are based on the assumption that the 
various ions are in solution in the intracellular fluid and are 
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not bound appreciably by cytoplasmic particulates. From 
these results a medium has been devised with a similar ratio 
of potassium : magnesium : inorganic + nucleotide + phospho- 
creatine P. The medium given under ‘Manometric tech- 
niques’ has a molar ratio of 100:10:14. The osmolarity of 
this medium will be approx. 0-31-0-33, the precise value 
depending on whether it is assumed that the magnesium salts 
of the phosphorus compounds are ionized. Chloride is the 
chief anion in this medium although intracellular fluid does 
not contain appreciable amounts and the main anions there 
are phosphate esters. As is shown below (Table 3), replace- 
ment of chloride by B-glycerophosphate does not alter the 
behaviour of the mitochondria. 


Preparation of mitochondria 
After the guillotining of the rats, the liver was quickly 
removed and rinsed with water; 7-8 g. was weighed and then 
disrupted in 30 ml. of ice-cold 0-3M-sucrose with a Potter— 
Elvehjem-type homogenizer with a smooth glass tube and 
Perspex pestle (total clearance 0-030 in.). The pestle, 
revolving at 1500 rev./min., was taken 15 times up and 
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down through the solution. Finally 45 ml. of ice-cold 
0-3 m-sucrose was added. The nuclei and cellular debris were 
separated off by centrifuging at 850 g for 10 min. at 0°. The 
mitochondria were then sedimented at 5000 g for 15 min. 
After being washed once in 0-3M-sucrose the mitochondria 
were suspended in 0-3m-sucrose and the suspension was 
diluted to a volume (ml.) equal to twice the weight of the 
liver (g.). 

For the isolation of brain mitochondria two rat brains 
(approx. 3-5 g.) were disrupted in 15 ml. of 0-3M-sucrose 
with an homogenizer (total clearance 0-010 in.). The pestle, 
revolving at 1500 rev./min., was taken 15 times up and 
down through the solution. Finally, 25 ml. of ice-cold 
0-3m-sucrose was added. It is essential to use an homo- 
genizer with a smaller clearance than that used for liver. 
With an homogenizer with total clearance of 0-030 in., the 
finding of 70% of the succinic dehydrogenase in the nuclear 
and cellular debris indicated a large proportion of unbroken 
cells. Nuclear and cellular debris were removed at 1050 g for 
10 min. and mitochondria sedimented at 10000g for 
15 min. 


Table 1. Constituents of rat liver and brain 


Distribution of water 


Total water 
Extracellular water (chloride space) 
Intracellular water (diff.) 


Conen. 
(g./kg. wet wt.) 


Liver Brain 
695 (a) 786 (b) 
217 (c) 266 (d) 
478 520 


Concentration of anions and cations in intracellular water 


Conen. in tissue 


Concn. in intracellular water 


(m-mole/kg. wet wt.) (m) 
a. s _~ ae ee f nt A — roe 
Cations Liver Brain Liver Brain 
Pstassium 92-2 (e) 100 = (f) 0-193 0-193 
Magnesium 8-9 (9g) 8-1 (g) 0-0186 0-0156 
Anions 
Inorganic phosphate 7-0 (h) 3-7 (h) 0-0146 0-0071 
AMP 0-94 (h) 0-12 (h) 0-0020 0-0002 
ADP 1-51 (h) 0-72 (h) 0-0031 0-0014 
ATP 1-38 (h) 1-65 (h) 0-0029 0-0032 
Phosphocreatine — 2-60 (h) _ 0-005 
Acid soluble P 33-6 (i) 27-1 (3) 0-07 0-052 
Molar proportions 
Liver Brain 
Potassium 100 100 
Magnesium 10 8 
Inorganic, nucleotide and creatine phosphorus 16 13 


(a) Harrison (1953); Davidson & Waymouth (1944); Dury & Johnson (1951); Aebi (1955); Truax (1939); Laramore & 


Grollman (1950). 


(b) Magee, Stoner & Barnes (1957); Davenport (1950); Leiderman & Katzman (1953); Manery & Hastings (1939). 
(c) Harrison (1953); Tobian, Morse & Hastings (1955); Truax (1939). 


(d) Manery & Hastings (1939); Davenport (1950). 


(e) Aebi (1955); Holland & Auditore (1955); Truax (1939); Laramore & Grollman (1950); Dury & Johnson (1951); 


Rodeck & Doden (1951). 


(f) Manery & Hastings (1939); Katzman & Leiderman (1953); Leiderman & Katzman (1953); Bergen & Hoagland 


(1951); Magee et al. (1957); Davenport (1950). 
(g) Watchorn & McCance (1937). 


(h) Threlfall, unpublished observations by the method of Threlfall (1957). 
(1) Davidson, Frazer & Hutchinson (1951); Stoner & Threlfall (1954). 


(j) Stoner & Threlfall (1954). 
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Manometric technique 


Each flask contained 3 ml. of a solution containing AMP 
(0-00115m), ATP (0-00115m), KCl (0-1m), MgCl, (0-014), 
EDTA (0-001M), potassium phosphate (0-015m), sucrose 
(0-025) and substrates (0-01M; except fumarate, 0-001 m, 
and octanoate, 0-0017M). For studies of oxidative phos- 
phorylation each flask contained in addition 180 zmoles of 
glucose, 50 uzmoles of glycylglycine and 200-400 units of 
hexokinase. In practice a stock solution of KCl, MgCl,, 
EDTA and potassium phosphate was prepared at concen- 
trations such that 2 ml. was required for each flask. The pH 
was adjusted to pH 6-7-6-8 and the solution stored at +5 
in a polythene bottle. Before each experiment AMP, ATP 
and substrates and, for oxidative phosphorylation, glucose, 
glycylglycine and hexokinase were added and the pH was 
again adjusted to pH 6-7-6-8 with a glass electrode. All 
experiments were carried out at 37°. The oxidative activity 
of the mitochondria (q¢o,) is expressed as pl. of O,/mg. of 
protein/hr. ; 

Analytical methods 


Inorganic phosphate was determined by the method of 
Fiske & Subbarow (1925). 

Protein. The protein content of the mitochondrial sus- 
pension was determined by the following modification of the 
method of Robinson & Hogden (1940). In our experience 
the solution obtained when the mitochondrial protein was 
precipitated with trichloroacetic acid was often opalescent. 
This may be readily prevented by deproteinizing with a 
mixture containing (v/v) 45% ethanol, 25% ether and 
30% water. After centrifuging, the pellet of protein was 
dissolved in 1 ml. of 3% (w/v) NaOH, with warming if 
necessary, and 10 ml. of a fresh suspension of copper 
hydroxide was then added [2-5 ml. of 20% (w/v) CuS0O,, 
5H,O was added quickly to 100 ml. of 3% (w/v) NaOH and 
the suspension was shaken vigorously]. After standing for 
10 min., with mixing 2-3 times, the solution was filtered 
twice through Whatman no. 54 filter paper and the optical 
density read at 555 mp against a blank run through the 
procedure. A calibration curve was prepared from dried 
bovine albumin (fraction V, Armour Laboratories) and the 
protein content of mitochondrial suspensions was expressed 
as mg. of albumin. 


RESULTS 


Inver mitochondria. Mitochondria prepared as 
described above oxidized substances of the Krebs 
tricarboxylic acid cycle very slowly (Table 2). 
However, by the addition of enzymes which remove 
ATP, such as hexokinase in the presence of glucose, 
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or potato apyrase, or by the addition of 2:4-dinitro- 
phenol, the rate of oxidation of these substances 
was increased three- to four-fold for pyruvate, L- 
glutamate, citrate, 2-oxoglutarate and twofold for 
octanoate and succinate. The degree of stimulation 
was consistent in different preparations. 

The experiments in Table 3 show that replace- 
ment of chloride by B-glycerophosphate, a repre- 
sentative phosphate ester which is not appreciably 
oxidized, does not influence the rate of oxidation of 
pyruvate alone or in the presence of apyrase or 
2:4-dinitrophenol. 

Potter & Rechnagel (1951) state that they failed 
to obtain stimulation of liver mitochondria by 2:4- 
dinitrophenol whereas Lardy succeeded, because 
they used potassium chloride in their medium at 
38° whereas Lardy (1951) used sucrose at 30°. The 
medium used for this work contains potassium 
chloride, and the results in Table 4 show that even 
washing liver mitochondria with isotonic potassium 
chloride does not affect the stimulation by apyrase 
the phosphorylation quotient (P:O ratio) 
obtained for the oxidation of pyruvate. 


or 


Table 2. Stimulation by potato apyrase of oxidation 
of various substrates by liver and brain mitochond:ia 


Each substrate was 0-01m except octanoate (0-0017m). 
Fumarate or succinate (0-001m) was added to initiate 
oxidation of pyruvate or octanoate. Mitochondria were 
added to the medium with or without 0-1 ml. of apyrase 
(1100 units), the flasks equilibrated for 10 min. and 
readings taken at 10 min. intervals for a further 30 min. 
These results are not corrected for any O, uptake without 
substrate. 








{oz 
Liver Brain 
With With 
Substrate Normal apyrase Normal apyrase 
Pyruvate/fumarate 32 102 60 151 
L-Glutamate 26 96 46 100 
Octanoate/fumarate 57 104 21 16 
Citrate 33 102 17 17 
Succinate 55 102 72 98 
2-Oxoglutarate 35 106 47 1 12 
Fumarate -— = 37 26 
Octanoate/succinate = — 20 19 
Glucose — — 12 11 





Table 3. Effect of B-glycerophosphate upon normal and stimulated oxidation of pyruvate by liver mitochondria 


Potassium chloride was replaced in the medium by an equi-osmolar amount of potassium f-glycerophosphate. This was 
calculated from a pK, of 6-65 (Ashby, Crook & Datta, 1954), assuming complete ionization of salts. Substrate was 0-01 M- 
pyruvate with 0-001 m-fumarate. Either 1-3 x 10-'m-2:4-dinitrophenol or 0-1 ml. of potato apyrase (1100 units) was used 


to stimulate oxidation. 





qo. 
ne es ‘ 
With With 
Medium Control 2:4-dinitrophenol apyrase 
Potassium chloride 33 98 102 
Potassium B-glycerophosphate 38 100 100 
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The intracellular fluid of the liver cell contains 
approximately 0-015 m-glutathione (Lindan & Work, 
1953; Bhattacharya, Robson & Stewart, 1955) 
which might protect the mitochondria from in- 
activation by heavy metal. At the outset it was 
considered that isolated mitochondria might be 
sensitive to trace metals in reagents. The reagents 
were therefore specially purified as described in 
Methods and 0-:001mM-EDTA was added to the 
medium. The results in Table 5 show that purifica- 
tion of commercially available reagents did not 
have a marked effect upon either the normal or the 
oxidation of pyruvate stimulated by apyrase. 
However, taking a probability of 0-05 as significant 
it is clear that the presence of EDTA did have a 
significant effect upon the stimulated oxidation 
either with purified or unpurified reagents. The 
addition of EDTA to the unpurified reagents in- 
creased both the resting (P = 0-04) and stimulated 


(P =0-06) rates of oxidation, whereas the addition of 


EDTA to the purified reagents had little or no 
effect on the resting rate (P = 0-55) but some effect 
on the stimulated oxidation (P = 0-06). 

Although there is some evidence that the pH of 
intracellular fluids generally is below 7, there is no 
direct evidence for rat liver. In Table 6 is shown the 
effect of variations of the pH of the medium upon 
the stimulation of pyruvate oxidation by apyrase. 
The amount of apyrase added in these experiments 
was three times that necessary to produce maximal 
stimulation. Since the pH-activity curve for 


LIVER AND BRAIN MITOCHONDRIA 427 


apyrase is very flat even at the extremes of pH 
there was sufficient apyrase activity to give 
maximal stimulation (Krishnan, 1949b). Between 
pH 6-65 and 7-16 there was a minimum normal 
resting rate coupled with a maximum stimulated 
rate. The pH used for experiments throughout this 
paper was around pH 6-8. 

When hexokinase and glucose were used to trap 
ATP formed during the oxidation of pyruvate, 
a phosphorylation quotient of around 2-70 was 
obtained. The uptake of inorganic phosphate 
(Fig. 1) was linear until 90% had been esterified, 
and the rate of oxygen and phosphate uptake 
decreased at the same time. These experiments 
were carried out without the addition of fluoride and 
at 37°. For phosphorylation coupled to the oxida- 
tion of L-glutamate, phosphate uptake was not 
linear. Oxygen uptake was linear, but phosphate 
Table 4. 


sucrose or potassium chloride solutions on oxidation 


Effect of washing liver mitochondria with 


of pyruvate and coupled phosphorylation 


Mitochondria washed with 0-15M-potassium chloride 
were sedimented by 2500 g/5 min. and those washed with 
sucrose at 5000 g for 15 min. Substrate was 0-01m pyru- 
vate with 0-001m fumarate. Apyrase (1100 units in 
0-1 ml.) was added. P:O ratios were determined as shown 
in Fig. 1. 


Tos 
Normal Apyrase P:O 
KCl washed 24 97 2-74 
Sucrose washed 24 99 2-66 


Table 5. Effect of purification of reagents on the oxidation of pyruvate by liver mitochondria 


Substrate was 0-C1m-pyruvate with 0-001m-fumarate. Apyrase (0-1 ml.; 1100 units) was added. Uptake of O, was 
calculated from the best straight line through readings taken at 20, 30, 40 and 50 min., after placing in the bath. Each 
value is the mean (with the standard error) of four experiments. The probability (P) is derived from the standard t test of 
each value against the corresponding value for purified reagents with EDTA. 


Normal 


Reagents 
Purified + EDTA 25:740-6 
Purified 24-8+1-3 
Unpurified 23-9+1-3 
Unpurified + EDTA 28-2+1-0 






10s 
P With apyrase P 
— 96-4+1-8 _ 
0-55 90-0+2-0 0-06 
0-25 84- 3-4 0-02 
0-17 94-5+42-2 0-55 


Table 6. Effect of pH on the oxidation of pyruvate by liver mitochondria 


Substrate was 0-01 m-pyruvate and 0-001 M-fumarate. The pH of each solution was adjusted and read by means of a glass 
electrode. Apyrase (0-3 ml.; 3300 units) was used to stimulate the oxidation of the mitochondria. 


Normal 
pH (a) 
6-10 30 
6-36 26 
6°65 2% 
6-90 25 
7-16 27 


7-42 34 


Io. 
With apyrase Stimulation 
(b) (b/a) 
41 1-4 
59 2-3 
87 38 
93 3-7 
98 3-6 
90 2-6 
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uptake decreased, the phosphorylation quotient in 
the first 10 min. being between 3-0 and 3-6 and 
decreasing steadily to 2-5-2-7 over the period of 
22 min., during which 75 % of the phosphate was 
esterified. This phenomenon is not understood. 

All the experiments previously described have 
been carried out without the addition of coenzymes 
or respiratory pigments. The addition of a variety 


50 


40 


30 


20 


O, or P removed (yg.atoms) 





0 5 10 15 20 25 
Time (min.) 


Fig. 1. Oxidative phosphorylation by liver mitochondria 
with pyruvate as substrate. Conditions of experiments 
are given in Methods. The interrupted line indicates the 
original amount of inorganic phosphate present. A, 
Uptake of phosphorus, 1-90 ug.atom/min.; B, uptake of 
oxygen, 0-69 ng.atom/min.; P:O ratio 2-75. 


Table 7. 
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of coenzymes had no effect upon the oxidation of 
pyruvate (Table 7). Liver mitochondria in the 
medium without the addition of coenzymes were 
stable. Oxidation of pyruvate stimulated fourfold 
by apyrase was almost linear for 2 hr. (Fig. 2). The 
resting rate of oxidation was linear for 3 hr. and if, at 
2hr., apyrase was added, oxidation was again 


600 











With 


500 apyrase 


400 

© 300 

3 

2 

2 Without 
200 apyrase 

Apyrase 

100 added 








0 40 80 120 160 200 
Time (min.) 

Fig. 2. Oxidation of pyruvate by liver mitochondria with 
and without apyrase. Apyrase (0-1 ml., 1100 units) was 
added. Mitochondria were added equivalent to 125 mg. 
of liver (protein 4-5 mg.). 


Effect of various cofactors on the normal and stimulated oxidation of pyruvate 


by liver and brain mitochondria 


Substrate was 0-01M-pyruvate with 0-001 mM-fumarate. Potato apyrase was added to liver (1100 units) and to brain 
mitochondria (550 units) to stimulate the oxidation. Cofactor (100 ug.) was added to each flask with the exception of 


cytochrome c (490 ug.) and glutathione (1 mg.). 


10. 
ar. eee 
Expt. Normal With apyrase Stimulation 
no. Cofactors added (a) (b) (b/a) 
Liver mitochondria 

1 Nil 25 96 3-8 
Cytochrome c 28 97 35 

Coenzymes I and 1 27 94 3-5 
Flavinadenine dinucleotide 24 89 3-7 

Coenzyme A 26 80 31 

All of above together 24 88 3°7 

2 Nil 30 118 3-9 
Cocarboxylase 31 114 3°7 

L-Ascorbic acid 27 115 4-2 

Glutathione 33 119 3-6 

Brain mitochondria 

l Nil 70 190 27 
Cytochrome c, Co 1, Co 1 and FAD 72 185 2-6 

2 Nil 57 160 2-8 
Glutathione, ascorbic acid 65 169 2-6 
Cocarboxylase, lipoic acid 56 149 2-7 

Liver extract 61 158 2-6 
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of Table 8. Phosphorylation quotients after partial inhibition by phenylarsenious acid 

he of the oxidation of pyruvate by liver mitochondria 

ere 

old 


he I 


Phenylarsine oxide was dissolved in 0-05nN-NaOH to give a stock 3 x 10-*M-solution; solutions diluted with water were 
added to the flask before the addition of the mitochondria. P:O ratios were determined as shown in Fig. 1. 


, at Concentration of 
ain phenylarsenious acid 
(mM) Jo, 
Nil 96 
1-2 x 10-7 50 
2-0 x 10-7 23 


O, uptake P uptake 
(ug. atom/min.) (yg. atom/min.) P:O 
0-533 1-28 2-41 
0-280 0-665 2-38 
0-169 0-420 2-49 


with 
was 
mg. 


rain 
n of 


400 





w 
Oo 
Oo 


With 
apyrase 


(#1.) 


Vol. of O, 
Nr 
8 


° 
o 


Apyrase 
added 


*0 30 50 70 90 110 
Time (min.) 

Fig. 3. Oxidation of pyruvate by brain mitochondria with 
or without apyrase. Apyrase (0-05 mi.; 550 units) was 
added. Mitochondria were added equivalent to 125 mg. 
of brain (protein 1-64 mg.). 


stimulated fourfold. Further experiments show 
that it was possible to inhibit oxidation by 70-80 % 
and still allow oxidative phosphorylation to pro- 
ceed with unimpaired efficiency (Table 8). For this 
purpose phenylarsenious acid was used as a con- 
venient respiratory inhibitor (Peters, 1955). 

Brain mitochondria. Rat-brain mitochondria 
oxidized pyruvate, L-glutamate, 2-oxoglutarate and 
succinate rapidly, but citrate, fumarate and 
octanoate only slowly (Table 2). These findings are 
in agreement with the work of Brody & Bain (1952) 


upon isolated mitochondria. Upon the addition of 


apyrase the oxidation of pyruvate, L-glutamate and 
2-oxoglutarate was stimulated two- to three-fold 
(Table 2). A similar stimulation was obtained by 
the addition of hexokinase and glucose or 2:4- 
dinitrophenol (10-'m). These results are in contrast 
with those of Brody & Bain (1952), who obtained 
little or no stimulation of the oxidation of pyruvate 
by the addition of hexokinase and glucose. Like 
liver mitochondria, brain mitochondria gave linear 
oxygen and phosphate uptake and phosphorylation 
quotients of about 2-3 were obtained. 


However, these preparations of brain mito- 
chondria were not as stable as liver mitochondria. 
The oxidation of pyruvate stimulated by apyrase 
was not linear and decreased rapidly after 1 hr. 
(Fig. 3). Addition of apyrase at 1 hr. did not raise 
the rate of oxidation to the original stimulated 
rate, but only approximately to the rate to which 
the stimulated preparation had fallen. Both resting 
and stimulated brain mitochondria were losing 
their ability to oxidize pyruvate. As shown in 
Table 7, the addition of a variety of coenzymes did 
not influence the resting or stimulated rates of 
oxidation. Further they had no influence upon the 
rate of loss of oxidizing ability. 


DISCUSSION 


In the medium described liver and brain mito- 
chondria, isolated in 0-3M-sucrose with the aid of 
a Potter—Elvehjem-type homogenizer, have low 
resting rates of oxidation of pyruvate and other 
substrates. Oxidation may be increased by systems 
utilizing ATP. Such an ability to respond to a 
stimulation is regarded as an essential property of 
mitochondria 7n vivo, although the normal extent of 
Both the 
method of isolation and the medium are important 
for the production of mitochondria which can be 
significantly stimulated in vitro at 37°. The homo- 
genization technique utilizes the maximum clear- 
ance between pestle and tube consistent with ob- 
taining a good yield of mitochondria. An uptake of 
3000 pl. of O,/hr./g. may be regularly obtained with 
liver if a clearance of 0-020—0-030in. is used, 
whereas to obtain this result with brain a clearance 
of 0-010 in. or less must be used. Purity of reagents 
does not appear to be an important factor influenc- 
ing the behaviour of liver mitochondria. Under the 
conditions described, liver mitochondria are stable, 
may be stimulated three- to four-fold by the addition 
of apyrase and give high P:O ratios without the 
addition of coenzymes or fluoride. Inhibition of 
oxidation by 70-80 % allows oxidative phosphoryl- 


this stimulation is of course unknown. 


ation to proceed with unimpaired efficiency. 
Although the preparations of brain mitochondria 
are considerably more stable than others previously 
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described (Brody & Bain, 1952; Christie, Judah & 
Rees, 1953) they are not as stable as liver mito- 
chondria. The decrease of their oxidative potenti- 
alities after 50-60 min. is not prevented by the 
addition of coenzyme I, coenzyme II, cytochrome C, 
flavinadenine dinucleotide, lipoic acid, cocarboxyl- 
ase, glutathione or ascorbic acid. 

Some workers state that brain mitochondria, 
unlike liver preparations, contain the glycolytic 
system (Gallagher, Judah & Rees, 1956; DuBuy & 
Hesselbach, 1956), whereas the contrary has been 
concluded from other experimental results (Brody 
& Bain, 1952; Abood, Gerard, Banks & Tschirgi, 
1952). In this work brain mitochondria oxidize 


glucose at less than 10 % of the rate of oxidation of 


pyruvate. Crane & Sols (1953) claim that a large 
proportion of the hexokinase of rat brain is sedi- 


mented at speeds used to separate mitochondria. If 


the amounts of hexokinase described by Crane & 
Sols (1953) had been present in our mitochondria, 
appreciable esterification of inorganic phosphate 
should take place on the addition of glucose to 
mitochondria oxidizing pyruvate. In fact pre- 
liminary experiments have shown that the addition 
of glucose slightly stimulates oxidation (1-3 times), 
and esterification of inorganic phosphate equivalent 
to a phosphorylation quotient of 0-3 is found. There 
are therefore several discrepancies in the published 
information on brain mitochondria. Brain is a 
difficult organ from which to obtain ‘pure’ prepara- 
tions of mitochondria. Preliminary experiments 
with phase contrast and interference microscopy 
show that the preparation used in this work was not 
homogeneous. Until more homogeneous prepara- 
tions are obtained it is not possible to conclude that 
brain mitochondria contain the glycolytic system. 

Suitably prepared liver mitochondria are both 
stable and versatile in vitro. They appear to be 
autonomous with regard to supplies of coenzymes 
and respiratory pigments. The fact that they can 
retain such substances may account for their 
stability 7m vitro. Brain mitochondria are not so 
stable though they appear to be self-sufficient in 
supplies of a variety of cofactors. It is not possible 
to say yet with certainty whether they differ signifi- 
cantly in their metabolic activities from liver mito- 
chondria, for example in possessing the glycolytic 
mechanism. It is certain that the preparations from 
brain were not so free from other cellular fractions 
as the liver mitochondria. Either of these differ- 
ences might explain their instability, but if the 
latter is the explanation it should be possible to 
achieve stable preparations eventually. 


SUMMARY 


1. A medium based upon the composition of the 
intracellular fluid of liver and brain has been devised 
for use in the study of mitochondria. 


2. The rate of oxidation of various substrates is 
low, but may be increased three- to four-fold for liver 
and two- to three-fold for brain mitochondria by the 
addition of hexokinase and glucose, potato apyrase 
or 2:4-dinitrophenol. 

3. In the study of oxidative phosphorylation 
with hexokinase and glucose as trapping agents, the 
esterification of inorganic phosphate is linear at 
37° until more than 90 % has been removed. 

4. Liver mitochondria are stable during oxida- 
tion of pyruvate for at least 3 hr. 

5. The rate of oxidation of pyruvate by brain 
mitochondria decreases after 50-60 min. The 
addition of a variety of coenzymes does not in- 
fluence this loss of activity. 


I am indebted to Mr B. W. Street for his skilled and pains- 
taking technical assistance and to Dr A. H. Ford-Moore for 
the phenylarsine oxide. 
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An Electronic Colloid Osmometer and an Assessment of its Accuracy. 
The Molecular Weight of Bovine Plasma Albumin 
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This osmometer was designed to study the changes 
occurring in serum and allied proteins in disease. 
An instrument was required to measure colloid 
osmotic pressure accurately and rapidly on small 
volumes of solution. Although the osmometers of 
Adair (e.g. Adair, 1925) were accurate they took 
24 hr. or more to come to equilibrium, and required 
several millilitres of solution. The osmometer of 
Smithies (1953) yielded results of high accuracy on 
small volumes of solution, but also took many hours 
to reach equilibrium. A form of electronic osmo- 
meter has already been described briefly (Rowe, 
1953), and in this paper an assessment of the 
developed form of the instrument is presented. The 


results obtained with bovine plasma albumin 
showed that measurements of high accuracy could 
be obtained in 30 min. on small volumes of solution. 


EXPERIMENTAL 


Principle. The osmometer is in the form of a U-tube, with 
the semi-permeable membrane inserted into one limb 
(Fig. 1). The membrane separates protein solution from 
solvent, and the flow of solvent through the membrane due 
to colloid osmotic pressure is opposed by an air pressure 
applied to the solution. When the tap is closed any flow 
through the membrane produces a rapid pressure change in 
the compartment between the membrane and the tap. 
This causes movements of a platinum foil in the wall of this 
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compartment, which are measured by the deflexion of a 
galvanometer in circuit with a mechano-electronic trans- 
ducer attached to the foil. If the temperature of the system 
is constant, the absence of galvanometer movement after 
closing the tap represents pressure equilibrium across the 
membrane, so that 


Colloid osmotic pressure =7 =P +h,p, —h,p,— hy, 


where h, is the effect due to the difference of surface tension 
between solution and solvent, the remaining symbols being 
as displayed in Fig. 1. 


Membranes. Membranes were prepared from a batch of 


HL 120/170 nitrocellulose (Imperial Chemical Industries 
Ltd.) by the method of Wells (1932). The thickness of these 
membranes averaged 0-08 mm. Ultrafiltrates of albumin 
solutions made through them gave no precipitate with 3% 
sulphosalicylic acid. 

Design of osmometer. Two osmometers of essentially 
similar design and dimensions were used in this work. The 
one shown in Fig. 2 has several features incorporated by 
Messrs Nash and Thompson, Oakcroft Road, Chessington, 
Surrey, who now manufacture the instrument. The mem- 
brane is clamped between a lower stainless-steel and an 
upper Perspex block, and supported ona grooved dome which 
holds it rigid without impairing its semi-permeability. The 
diameter of the colloid and solvent compartments in the 
Perspex block was 1-7 em., and 0-5 ml. of solution is required 
to provide a meniscus above the membrane. The volume of 
solvent between the membrane and the tap was small 
(about 0-2 ml.), minimizing the effects of change of tempera- 
ture on the readings. The tap is formed by a polytetra- 
fluoroethylene (PTFE) bar sliding in a channel cut in 
the steel block. PTFE is self-lubricating and requires 
but a thin film of silicone grease to form an adequate 
seal; it is also slightly pliable and has the advantage over 
a rigid metal bar that itsmovements do not cause unwanted 
galvanometer deflexions due to distortion of the main steel 
block. 

For providing the steady pressure, variable at will, to be 
applied to the solution, air from a cylinder fitted with a 
reducing valve is fed slowly into a 101. aspirator bottle, 
which forms a reservoir. The pressure in this reservoir is 
held at a constant level above room pressure by connexion 
to a rigid tube which can be immersed to a variable depth in 
a tank of water. There is also a common connexion from the 
reservoir to a U-tube water manometer and to the osmo- 
meter. The pressure applied to the solution is varied by 
altering the depth of immersion of the tube in the water 
tank. This controlled leak arrangement eliminates differ- 
ential pressure changes due to variations in room pressure 
and to temperature variations of the reservoir. With the 
air flow correctly adjusted no fluctuations were observed in 
the U-tube water manometer. 

Determination of equilibrium. The osmometers were 
assembled with phosphate buffer in all compartments 24 hr. 
before measurements were made, this time interval being 
necessary for the membranes to bed down on to their 
supports. A series of readings of the changes of galvano- 
meter deflexion in 60 sec. were then obtained for different 
fluid levels of buffer in the colloid and solvent compartments. 
The readings were taken as the rapid change of deflexion 
which occurred on re-opening the tap after 60 sec., rather 
than the slow change while the tap was closed, so as to 
minimize errors due to electrical drift. The difference in 
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Fig. 1. A diagrammatic cross-section 
of the colloid osmometer. 
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Fig. 2. Cross-sections of the osmometer to show the general 
construction and the design of the tap. A, Pressure con- 
nexion; B, protein solution; C, semi-permeable mem- 
brane; D, membrane support; FZ, platinum foil; F, 
transducer; G, clamping nut; H, solvent; J, Perspex 
block; J, stainless-steel block; K, Tufnol (Tufnol Ltd., 
Perry Barr, Birmingham) case; L, Tufnol transducer 
plate; M, tap-operating knob; N, return spring; 0, 
PTFE bar; P, leaf spring. 
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fluid levels was then plotted against the change of galvano- 
meter deflexion. The coincidence of zero deflexion with 
zero pressure difference provided a check on the working of 
the instrument. Ten values of the pressure required for zero 
deflexion, obtained in this way during the course of these 
experiments, are included in Table 2. 

The phosphate buffer in the colloid compartment was 
removed and the compartment dried with a piece of soft 
filter paper. An albumin solution was inserted and a 
pressure approximately equal to the anticipated osmotic 
pressure was applied to the solution with the constant- 
pressure device. The tap was closed to prevent significant 
solvent transfer across the membrane. After 30 min. the 
equilibrium pressure was determined from the changes in 
galvanometer deflexion corresponding to small changes of 
applied pressure. The temperature as recorded by a thermo- 
couple inserted into the steel block was noted. The 30 min. 
interval was considered adequate for the attainment of 
equilibrium after experiments of the type illustrated in 
Fig. 3, which showed that the equilibrium pressure rose 
during the first 15-20 min. after introduction of the solution 
and the application of pressure, due presumably to thermal 
effects and bedding down of the membrane. After this time 
the equilibrium pressure in the typical experiment illus- 
trated showed a rise at the rate of 0-2 % in 30 min. This was 
attributed to evaporation, since after standing overnight 
condensed water droplets were observed in the colloid com- 
partment above the solution. It was not possible, however, 
to detect any concentration changes in the albumin solutions 
during a 30 min. period in the osmometers with the micro- 
Kjeldahl method; it was therefore concluded that the 
equilibrium pressures obtained at 30 min. represented the 
osmotic pressures of the solution actually introduced into 
the osmometers to at least as great a degree of accuracy as 
the method of estimating the protein concentration. 

During all the measurements the osmometers were 
standing on the bench, protected from draughts during 
readings. The absence of significant zero error, the stability 
of the equilibrium pressure with time and the reproduci- 
bility of the results indicated that temperature fluctuations 
in the instrument under these conditions did not cause 
significant errors in measurement. 

Protein estimations. Nitrogen concentrations 
measured by a micro-Kjeldahl method (Ma & Zuazaga, 
1942). The results, which were taken as the mean of three 
estimations which themselves had a scatter of less than 1%, 
were converted into protein concentrations by use of a factor 
of 6-25. 


Calculation of results. As shown above, 


were 


a=P+(h,p.—h,ps—h,). 


The value of the correction due to the difference between p, 
and p, and due to h, was estimated in the following way. An 
osmometer was assembled with phosphate buffer in all 
compartments, a small perforation was made in the 
membrane, and the difference between the fluid levels in 
each compartment was measured. The buffer was then 
removed from the colloid compartment and albumin solu- 
tions of known concentration were introduced. Care was 
taken to bring the solutions nearly to the same level as the 
phosphate buffer in the solvent compartment to prevent 
significant passage of albumin through the perforated 
membrane. Because of their greater density and owing to 
the effect of surface tension the levels of the albumin 
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solutions were lower than that of the buffer. It was found 
that the difference in levels remained steady after 15 min. 
for at least 2 hr. Table 1 shows the values obtained for a 
height of column of 0-5 cm. above the membrane, which was 
greater than the maximum height ever used in the osmotic- 
pressure determinations. These values are 0-1% of the 
osmotic pressures of the solutions. This correction was there- 
fore considered negligible for albumin solutions, so that in 
effect =P +p, (h,—h,). The value of p, was found to be 
1-009. During the measurements of osmotic pressure 
(h, —h,) did not exceed +0-3 cm. This maximum difference 
would require a correction for the difference between p, and 
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Equilibrium pressure (cm. HO) 


0 10 20 30 40 50 60 70 8 9% 
Time (min.) 
Fig. 3. Relationship of the equilibrium pressure reading of 
the osmometer to the time from introduction of an 
albumin solution. 


Table 1. Estimations of the corrections due to 
difference in surface tension and density between 
albumin solutions and phosphate buffer, made in 
an osmometer with a small perforation in the 
membrane 


Albumin 

concen. h,-h, Correction 

(g-/100 ml.) (in em. H,O) as % of m 
0 0-001 —_ 
0-489 0-002 0-1 
1-468 0-006 0-1 
2-389 0-011 0-1 
2-997 0-012 0-1 


(c) | (b) (2) 


Fig. 4. Sedimentation diagrams of bovine serum albumin 
(Armour Batch no. 22049) in pH 7-17 Sorensen phosphate 
buffer + 0-2m-NaCl in a Spinco Model E ultracentrifuge. 
The speed was 59 780 rev./min., and the protein concen- 
tration approx. 1 g./100 ml. (a) 68 min.; (6) 116 min.; 
(c) 150 min. Sedimentation occurs from right to left. 
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unity of 0-0027 cm. This correction was therefore also 
ignored and osmotic pressures were calculated from the 
expression 7 =P +(h, —h,). 

Preparation of solutions. Crystallized bovine plasma 
albumin (Armour, Batch no. 22049) was dissolved in pH 7-17 
Sorensen buffer (0-047M-Na,HPO, +0-020M-KH,PO,) and 
dialysed for 24 hr. against several litres of the same buffer. 
Several concentrations were prepared by diluting the parent 
solution with the dialysing buffer. The osmotic pressures of 
10 portions of each solution were measured, five in each of 
the two osmometers. The protein concentrations of the 
solutions were determined before osmometry. As a check 
that no change in protein concentration had occurred in the 
osmometers the concentration was also estimated after 
osmometry on several specimens. Fig. 4 shows the results of 
an ultracentrifugal analysis, which showed no obvious 
heterogeneity. 


RESULTS AND DISCUSSION 


The results are given in Table 2, where the osmotic 
pressures have been corrected to 24° assuming their 
proportionality to the absolute temperature. The 
temperature of measurement ranged from 23-5 to 
25-7°. It will be seen that the standard errors 
expressed as pressures show no systematic correla- 
tion with the magnitude of the osmotic pressures, 
the measurements at higher pressures having 
therefore a higher percentage accuracy. 

The molecular weight has been derived in the 
following ways: 

(i) A polynomial regression of 7 against concen- 
tration (c) was fitted by the method of least squares. 
This yielded the expression 


a = 0-024 + 3-665 (+ 0-0026) c+ 0-339 (+0-001) c? 
—0-0141 (+ 0-00037) c®. (1) 
Mol.wt. = 68 766 + 48. 


The cubic term was significant at the 5% level of 
probability. 

(ii) A regression was fitted to the plot of z/c 
against c, a conventional method to obtain the 





Table 2. Concentrations and colloid osmotic pressures 
of albumin solutions in Sorensen phosphate buffer 
(pH 7-17) 


Colloid osmotic pressures are recorded in cm. H,O 
(corrected to 24°) and are the means of ten observations. 


Protein concen. Colloid osmotic 


in g./100 ml. pressure 

of solution (77) s.E. of the mean 
2-997 13-712 0-0485 
2-389 10-578 0-0326 
1-958 8-383 0-0177 
1-468 6-051 0-0167 
0-979 3-934 0-0207 
0-734 2-881 0-0289 
0-489 1-903 0-0313 
0-00 0-014 0-0190 
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value of z/c when c > 0. This regression did not 
depart significantly from linearity. 
a/c = 3-734 (+ 0-037) + 0-282 (+0-0049) c. (2) 
Mol.wt. = 67 500 + 670. 

(iii) A regression was fitted to the plot of ¢/z 
against c, after Adair & Robinson (1930). This 
method often yields best fits to the linear relation- 
ship for human serum, and in this case did not 
depart significantly from linearity. 

c/a x 10= 2-652 (+ 0-033) — 0-159 (+ 0-003) c. (3) 

Mol.wt. = 66 580 + 840. 

The molecular weights have been calculated by 
substitution in the van’t Hoff equation = (c/M) RT, 
the linear coefficient from (1) and the limiting values 
for c > 0 in (2) and (3) being used. RT in the units 
used was 2-520 x 10°. 

The different values for the molecular weight 
yielded by the three methods of calculation indicate 
that the standard errors assigned to the molecular- 
weight values must be interpreted with caution. The 
standard errors are derived from those of regression 
coefficients calculated from specific equations for 
the assumed relationship between a and c. The 
results show that alterations in the form of the 


assumed equation produces changes in the calcu- , 


lated values of the molecular weight which exceed 
the apparent standard error. There is no reason to 
assume that the equation which yields the smallest 
standard error conforms most closely to reality, so 
that it is desirable to use several alternative forms of 
calculation when attempting to estimate molecular 
weights to the highest degree of accuracy. 


Account must also be taken of systematic errors 


in assessing the accuracy of the determination. The 
error due to the uncorrected surface tension and 
density differences would result in the measure- 
ments of osmotic pressure being too low by approx. 
0-1%, whilst that due to evaporation during the 
30min. equilibration period would make the 
measurements too high by approx. 0-2%. These 


errors therefore tend to be self-cancelling. The error 


of estimation of a single protein concentration does 
not exceed 0-5%, but is only partially taken into 
account in the statistical analysis. 

The range of molecular weights from 66 600 to 
68 800, which has been derived from the results, 
agrees well with the value of 67 500 recently 
obtained by Harrington, Johnson & Ottewill (1956). 
The calculated values of the standard errors of the 
molecular weights are considerably less than those 
of any previous determinations by the osmotic- 
pressure method (Smithies, 1953). 


SUMMARY 


1. The design, theory and operation of an 
electronic colloid osmometer is described. 
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2. Measurements could be made 30 min. after 
placing a solution in the instrument. 

3. Ten observations on each of a series of seven 
solutions of bovine plasma albumin were made, in 
two osmometers. The s.£. of the means of the 
observations ranged from 0-017 to 0-048 em. H,O 
with osmotic pressures ranging from 1-9 to 13-7 cm. 
H,0. 

4. The value for molecular weight of bovine 
plasma albumin derived by various methods from 
these results ranged from 66 600 to 68 800. 


The authors thank Dr D. R. Stanworth for the ultra- 
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The Molecular Weights of the Proteins of Normal and Nephrotic Sera 
and Nephrotic Urine, and a Comparison of Selective Ultrafiltrates of 
Serum Proteins with Urine Proteins 
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The outstanding functional defect in the nephrotic 
syndrome is the severe urinary loss of protein, and 
the characterization of the serum and urine proteins 
has been recognized to be of fundamental import- 
ance in the investigation of this condition. The 
recent immunological demonstration of the identity 
of the urine proteins with some of the serum proteins 
(Burtin & Grabar, 1954; Gell, 1955) is cogent 
evidence of their derivation from that source. 
Electrophoretic studies have shown that these 
proteins have a distribution of characteristic and 
complementary type, the urine containing chiefly 
albumin with smaller quantities of «,-, B- and y- 
globulins, whereas the serum may be deficient in the 
albumin, «,- and y-globulin fractions and show an 
increased concentration of «-globulin (Hardwicke, 
1954a). Consequent upon these protein changes, 
especially the fall in the albumin concentration, the 
colloid osmotic pressure of the plasma is greatly 
reduced. It has been suggested, following the 
Starling hypothesis, that this reduction is the 
cause of the oedema which is the presenting feature 
of the condition. 

The studies of Bayliss, Kerridge & Russell (1933) 
on the excretion of protein by normal animal 
kidneys indicated a specific molecular weight, that 
of haemoglobin, demarcating larger protein mole- 
cules which were retained in the circulation from 
smaller ones which passed into the urine. More 
recent studies, such as those of Brewer (1951) and 
Wallenius (1954), on animals infused with dextran 


molecules of graded molecular weights, showed a 
progressive reduction in clearance as the molecular 
weight increased. Wallenius demonstrated that 
dextrans with average molecular weights of 
10 000 and 20 000 had a clearance of about 90 and 
30 % respectively relative to creatinine, whereas the 
preparation with an average molecular weight of 
50 000 scarcely appeared in the urine. Although 
these results cannot be compared directly with 
those obtained with proteins because of the effects 
of charge and the differences in degree of hydration 
and in shape of the molecules, they do imply that 
normal kidneys may act as selective molecular 
filters over this range of molecular weights. 

It is pertinent to inquire to what extent the 
kidney retains this selective function in conditions 
of heavy proteinuria. The preponderance of albumin 
in the urine protein, even in the face of an inverted 
serum albumin:globulin ratio, has suggested that 
some selectivity is maintained, but it seemed likely 
that more precise information could be obtained by 
comparison of the average molecular weights of the 
serum and urine proteins. The results presented 
here, which were obtained by colloid osmotic- 
pressure measurements, confirm the highly selective 
nature of the urinary loss of protein in conditions of 
moderate and heavy proteinuria. In addition, it has 
been possible to reproduce the selective protein 
filtration, characteristic of the nephrotic kidney, by 
filtering normal and nephrotic sera through suitably 
prepared nitrocellulose membranes. 
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The molecular weights of nephrotic serum and 
urine albumin have been investigated by several 
workers, with conflicting results. For example, 
Widdowson (1933) could detect no differences 
between normal serum albumin and that of neph- 
rotic serum and urine by colloid osmotic-pressure 
measurements and by other methods; whereas 
Bourdillon (1939), from osmotic-pressure data and 
Charlwood (1952) from measurements of sedimenta- 
tion and diffusion, claimed that nephrotic-serum 
and urine-albumin preparations had molecular 
weights respectively greater and less than that of 
normal serum. 

A possible source of error in these measurements 
was the contamination of albumin by other serum 
proteins. In this work, therefore, albumin fractions 
have been prepared from normal and nephrotic sera 
and urine by preparative column electrophoresis 
(Flodin & Porath, 1954) and have been subjected 
to analysis of their purity. These specimens of 
albumin had molecular weights identical, within the 
limits of experimental error, with that of normal 
serum albumin. 


METHODS 


Collection of materials: dialysis: preservatives. Sera and 
urines were usually dialysed within a few hours of collection 
or were stored in the cold until dialysis was possible. In 
some experiments sodium azide, in a concentration of about 
1 mg./100 ml., was added to the dialysing buffer as a pre- 
servative; much higher concentrations have been shown to 
have no effect on the colloid osmotic pressure of whole serum. 
Dialysis against several changes of buffer (pH 7-2, 0-047m- 
Na,HPO, + 0-020M-KH,PO, Sorensen buffer before osmo- 
metry, or pH 8-2,0-05M-sodium diethylbarbiturate + 0-01 m- 
diethylbarbituric acid for preparative electrophoresis) was 
continued for a minimum of 48 hr. at about 2°. A cloudy 
precipitate which sometimes formed in the urine was 
removed by centrifuging. 

Estimations of concentration of protein and of osmotic 
pressure. The solutions were diluted, if necessary, to an 
appropriate protein concentration with the diffusate, and 
the total nitrogen concentration was estimated by a micro- 
Kjeldahl method (Ma & Zuazaga, 1942). Non-protein 
nitrogen, which was often undetectable, was estimated 
either after deproteinization with tungstic acid or on the 
final diffusate. Since significant concentration changes did 
not occur in the osmometers it was possible to use a series of 
dilutions prepared from a solution of known protein concen- 
tration and its diffusate. A factor of 6-25 was used through- 
out to convert protein nitrogen into protein. The osmotic 
pressures were measured by the method described by Rowe 
& Abrams (1957). 

Ultrafilters. The membranes used for selective ultrafiltra- 
tion were prepared in the same way as those used for the 
osmotic-pressure measurements (Wells, 1932), except that 
the water content of the final swelling mixture was reduced 
from 5 ml. to 2-5-3-5 ml./100 ml. of mixture. Nitrocellulose 
HL 120/170 (Imperial Chemical Industries Ltd.) was used. 
The membranes were clamped and supported between two 
Perspex plates (Rowe, 1956). Sufficient ultrafiltrate for 





protein analysis was obtained in a few hours with a mem- 
brane area of about 12 cm.? and a pressure of 1 atmosphere. 
Ultrafiltration was performed at room temperature. 

Electrophoresis. The quantitative analytical filter-paper 
method was that described by Hardwicke (19546). Carbo- 
hydrate was detected on filter paper, after electrophoresis, 
by the method of Kiéw & Grénwall (1952). Immuno- 
electrophoretic analyses were performed by Dr P. G. H. Gell 
by his modification (Gell, 1955) of the technique of Grabar & 
Williams (1953) with antisera raised in rabbits against 
human serum. The preparative method was that of Flodin & 
Porath (1954), either starch or acetylated cellulose columns 
(Campbell & Stone, 1956) being used. It was necessary to 
concentrate the urine proteins before fractionation. The 
urine was placed in a dialysis sac which was alternately 
suspended in a current of air at room temperature and 
immersed in barbiturate buffer to prevent an excessive rise 
of electrolyte concentration. Sufficient concentration was 
achieved after evaporation for a few hours. After dialysis 
against barbiturate buffer, 4-6 ml. of an approx. 6% 
solution of urine or serum proteins was fractionated, bromo- 
phenol blue being added to some of the samples to indicate 
the position of the albumin in the column, this dye having no 
detectable effect on the molecular weight of normal serum 
albumin. A current of 30 ma at 250v for about 30 hr., with 
column 45 cm. long and 3 cm. diameter, produced optimum 
separation of the proteins. The eluates were collected in 
4 ml. fractions, the relative protein concentrations of which 
were assessed after a 16-fold dilution in water by their 
absorption at 277-5 my in a spectrophotometer. Before 
molecular-weight determinations the albumin-containing 
fractions were dialysed against the phosphate buffer, the 
nephrotic-serum albumin fractions also being concentrated 
by alternate evaporation and dialysis. 





RESULTS 


Normal human serum 
The results from three normal male human sera are 
given in Table 1. The molecular weights and the 
standard errors have been derived as described by 
Rowe & Abrams (1957), except that in this account 
the osmotic pressures have been corrected to 25°, 
and hence the value of 2-528 x 10° was used for RT. 
Linear regressions were fitted to the plots of C/z 
against C following Adair & Robinson (1930), since 
serum II showed that at high concentrations the 
plot of z/C against C was not linear. The molecular 
weight so obtained is a number-average (M,,). The 
small range (from 76900 to 78 400) is a little 
surprising in view of the complexity of the mixture 
of proteins present in normal serum. 


Nephrotic serum and urine proteins 


Four cases, numbers 11, 12, 13 and 23, of the 
series reported by Squire, Blainey & Hardwicke 
(1957), were studied. These case numbers have been 
changed to numbers I, IT, ITI and IV in this account. 
The patients had moderate or heavy proteinuria, 
with a lowered serum-albumin concentration, 
raised serum cholesterol, normal or only slightly 
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Osmotic pressures and number-average molecular weights of the proteins of normal serum 


dialysed against pH 7-17 Sorensen phosphate buffer 


CG 
Conen. of 
protein 
(g./100 ml. of 
solution) 


Normal human serum I 


2-2 
1-4; 
1-13 
0-724 
0-454 
0-362 
6-60 
4-95 
3°29 
1-65 
0-825 
0-413 


1-99 
1-21 
0-996 
0-605 
0-373 


L 


Normal human serum IT 


Normal human serum ITI 


raised non-protein nitrogen, a normal or moderately 
raised blood pressure and no excess of red blood 
cells in their urine. All had oedema initially. 

The osmotic pressures of the proteins proved 
for many hours in the but 


stable osmometers, 


8 
3 
2 
l 
1 

34 

22 


13 


6: 


é 


4 
3 
2 


1 


occasional difficulty arose in the determination of 


the level of the menisci of extremely cloudy sera, 
especially the first specimen of serum from case I. 
Cases I and IT were studied over a period of several 
months, and the results are given in Table 2. When 
a standard error is given the calculation of average 
molecular weight is based on a statistical analysis 
similar to that used on the normal sera. Where no 
standard error is given the average molecular weight 
is calculated from a regression line of C/z against C 
fitted visually. This method is considered to be 
justified even when based on three or four observa- 
tions, since the standard error of osmotic-pressure 
measurement has been shown to be about 0-03 em. 
H,O in this range of pressures (Rowe & Abrams, 
1957), and since the standard errors of the mole- 
cular weights, where sufficient data were available 
for statistical analysis, were also low. These mole- 
cular-weight values are presented, with clinical and 
other findings, in Fig. 1, which shows that the 
average molecular weight of the serum proteins in 
these cases was variable and always greater than 
that of normal serum, and that the increase was 
apparently related to the severity of the condition. 
The urine proteins, in contrast, always gave 
average molecular weights less than that of serum 
albumin, implying that the globulins in this case 
had a smaller average size than albumin. These 
average molecular weights showed no systematic 
variation in different phases of the disease. 


7 


Colloid osmotic pressure 


10-3 s.z. 


(em. H,O at 25°) 
—_~— of M,, 


49 
10 
“94 
-46 
48 
21 
5 

6 


02 
“85 
39 
38 
29 
43 
“02 
24 


76-9 2-0 


78-4 





The serum and urine proteins for cases IT and IV, 
which were subjected to similar analyses, also 
showed that the molecular weight of the serum 
proteins was elevated whilst that of the urine pro- 
teins was less than that of serum albumin. 

The possibility of chemical or enzymic cleavage of 
the serum proteins in the presence of urine was 
investigated by incubating fresh normal serum 
with fresh normal urine for 5 hr. at 38°. No change 
was observed after a threefold dilution with urine, 
but after a 20-fold dilution the average molecular 
weight fell from 77 000 to 70 000 

The more diluted proteins were subsequently 
concentrated by alternate evaporation at room 
temperature and dialysis, and although the pro- 
cedure does not alter the molecular weight of serum 
albumin it may have denatured some of the globulin 
fractions. These results therefore do not exclude 
the possibility of the breakdown of some of the 
serum proteins in the presence of urine, but suggest 
that the effect is not a major one. 


Ultrafiltration experiments 


An attempt was made to reproduce the selective 
protein transmission of the nephrotic kidney by 
preparing nitrocellulose membranes of such perme- 
ability that the serum proteins appeared in low 
concentrations in their ultrafiltrates. The molecular 
weights and electrophoretic distributions before and 
after ultrafiltration are given in Table 3. Bovine 
plasma albumin (Armour Batch no. 18643) was not 
detectably altered by the procedure, since the four 
values obtained on the ultrafiltrate lay within the 
95 % confidence limits of the C/7 against C plot of 
the original material. [This albumin was a different 
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Table 2. Osmotic pressures and number-average molecular weights of the 
proteins of nephrotic serum and urine 








OC 
Conen. of 7 
protein Colloid osmotic pressure 
(g./100 ml. (cm. H,O at 25°) 10-3 s.x. 
Material Date of solution) —— ‘ — 10-3 UM, of M,, 
Nephrotic serum case I 
A 11. i. 55 1-33 2:11 4 
0-996 1-58 1-58 
0-666 0-96 1-00 | ava +41 
0-333 0:50 0-49 
B 17. iii. 55 0-937 1-56 -- 
0-669 1-11 —_— 162 —_ 
0-535 0-86 vs 
Cc 5. v. 55 1-99 6-13 6-09 | 
0-996 2-78 2-79 99 +1-0 
0-499 1-32 1:35) 
D 26. v. 55 2-29 7-38 7: | 
1-14 3:37 wo “ 
0-915 2-71 _ | 2 
0-572 1-61 ms. J 
E 20. vi. 55 2-70 9-03 aaa 
1-08 3-15 aon 95 “se 
0-54 151 — 
Urine case I 
A 23. ii. 55 1-07 4-67 — 
0-714 3-09 — 64 po 
0-357 1-43 an 
B 17. iii. 55 0-858 4-45 —— 
0-572 2-73 -— 57 -- 
0-286 1-31 1-31 
C 26. vi. 55 0-943 4-00 “= 
0-471 1-89 - 67 
0-378 1-49 — 
Nephrotic serum case IT 
A 18. ii. 55 1-93 5-62 — \ 
1-45 4-09 - : 
0-966 2-61 as | 102 — 
0-483 1-22 son 
B 3. vi. 55 3-16 8-32 8-31) 
1-58 3-64 3-65 126 +1-0 
0-631 1-32 1-35) 
Urine case IT 
A 16. ii. 55 1-38 6-95 os ] 
0-917 4-51 at sin 
0-458 2-17 — | " vs 
0-229 1-01 oa 
B 8. iii. 55 0-912 4:17 —— 
0-683 3-10 ~ \ - 
0-456 1-99 — | = 
0-228 0-98 me 
Cc 26. iv. 55 1-37 6-60 =a 
0-685 3-07 — 63 — 
0-342 1-38 — j 
D 3. vi. 55 1-59 


7-5S 
0-635 2-85 2-84 58 +09 
0-317 1-4¢ J 
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sample from that described by Rowe & Abrams 
(1957), having a significantly greater average 
molecular weight. Ultracentrifugal analysis showed 
asmall component sedimenting faster than the main 
peak. ] 

The proteins appearing in the ultrafiltrates from 
normal and nephrotic sera resembled nephrotic 
urine proteins in electrophoretic distribution, and 
their average molecular weights were also similar to 
those of the urine proteins. The average molecular 
weights of the proteins appearing in the ultrafiltrates 
of nephrotic urine showed a fall. The reduction of 
5000 in the urine of case IID was significant since 
the four points obtained all lay below the 95% 
confidence limits of the C/z against C plot of the 
original urine protein. The smaller reduction in the 
molecular weights of the urine proteins compared 


Case | Case Il 
(male, age 22) (male, age 41) 


Ocdema I 


2 <> yz 
5 Diuresis 20. £2 
= 150 oe 15 5.00 
= 2100 10% = 
co» 50 508% 
=e ore 
.* & 
_- 
aw 
“ Eo 
£ 200 oa 
eo 0 es 
s6 15 c 
= 810 -§ 
2§ 0 
9 OF TETMT A a!) CeETMT ATM! 5.1955 


Fig. 1. Average molecular weights of the serum and urine 
proteins from twe cases of the nephrotic syndrome, shown 
in relation to the daily urine protein loss and the severity 
of the oedema. Heights of the blocks represent the 
average molecular weights of the proteins, and the filled- 
in points indicate the daily urine protein loss (means of 
7-day periods). 
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with the nephrotic serum proteins was associated 
with smaller alterations in their electrophoretic 
distributions. 

Fig. 2 shows the results of an immunoelectro- 
phoretic analysis of the serum and urine proteins 
from case ITI and their ultrafiltrates, with an anti- 
serum containing no anti-albumin (The serum had 
been stored frozen for a few weeks, which resulted in 


y-Globulin 


£-Globulins 


a-Globulins 











Nephrotic urine 
Urine ultrafiltrate 


Nephrotic serum 
Serum ultrafiltrate 


Fig. 2. A line diagram of an immunoelectrophoretic 
analysis of nephrotic serum and urine from case IV and 
the proteins appearing in their ultrafiltrates through a 
selective nitrocellulose membrane. Arrows indicate an 
%-globulin, present in high concentration in the serum 
and in low concentration in the ultrafiltrate and the urine, 
and the £-lipoprotein, apparently absent from the serum 
ultrafiltrate and the urine. The urine ultrafiltrate showed 
a relatively increased «,-globulin concentration. 





Table 3. Effect of selective ultrafiltration of bovine plasma albumin and of serum and urine proteins 


on their number-average molecular weights and electrophoretic analyses 


Electrophoretic analysis as percentage composition 





¢ = a 
Material 10-*,, Albumin oy Oy B y 
Bovine plasma albumin 70+0-4 - —- = — — 
Ultrafiltrate 70 _ — — —_- 
Normal serum II 77+2-0 66 3 7 12 12 
Ultrafiltrate 1 6440-5 73 6 6 8 7 
Ultrafiltrate 2 68 75 13 3 7 2 
Case I serum B 162 — — — —- 
Ultrafiltrate 74 — - — — 
Case IIT serum 123 27 6 38 19 10 
Ultrafiltrate 68 70 10 6 14 0 
Case IT urine C 63 66 14 4 9 7 
Ultrafiltrate 47 73 ll 4 5 7 
Case II urine D 5840-9 65 8 a 10 10 
Ultrafiltrate 53 67 13 5 9 6 
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a partial denaturation of the B-lipoprotein, as shown 
by the continuation of its line of precipitation into 
the «, region.) Several proteins which are present in 
the serum are reduced or absent in its ultrafiltrate, 
which has a spectrum comparable in number of 
components with that of nephrotic urine. The urine 
proteins ultrafiltered through the same membrane 
show an almost unchanged pattern, but have the 
a,-globulin concentration relatively increased. Com- 
parable results were obtained from ultrafiltrates of 
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Osmotic pressures of nephrotic serum and urine 
albumin compared with that of normal serum albumin 


Typical protein concentrations appearing in the 
eluate fractions from normal and nephrotic serum 
and nephrotic urine are illustrated in Figs. 3-5, the 
individual peaks being identified by subsequent 
paper electrophoresis in parallel with the original 
serum or urine. The «,-globulin did not appear as 
a separate peak in these experiments. Table 4 gives 





other serum and urine proteins. the results of measurements of colloid osmotic 
Table 4. Osmotic pressures of the albumin fractions from serum and urine 
and the assessment of their contamination with globulins 
C Globulin 
Conen. of 7 components 
protein Colloid osmotic pres (immuno- 
Material and (g./100 ml. (em. H,O at 25 electrophoretic 
eluate fraction no. of solution) - -—— Carbohydrate analysis) 
Normal serum I, 3-20 15-0 —) 
fractions 4 and 5 0-641 2-49 2-55} Nil _— 
0-320 1-20 1-19) 
Normal serum IT, 1-49 6-26 6-25) 
albumin peak fractions 0-745 2-94 2-94 } Nil Nil 
0-373 1-42 1-40) 
Normal serum IV, 0-731 2-91 2-80 ) Nil = 
albumin peak fractions 0-365 1-42 — j = 
Nephrotic serum case IITA, 0-460 1-71 1-70 Nil Nil 
fractions 4 and 5 
Nephrotic serum case IIIB 
Fraction 8 0-288 1-09 -— Nil Nil 
Fraction 9 0-688 2-65 _— Nil Trace o, 
Fraction 10 0-439 “73 = Nil oy 
Urine case IITA 
Fraction 8 0-293 1-14 1-13 Nil Nil 
Fraction 9 0-586 2-30 2-29 Trace a, 
Urine case IIIB 
Fraction 17 0-392 1-49 1-50 Nil Nil 
— (0-613 2-44 2-44 ) o ~ 
Fraction 18 10-307 1-17 ae Nil Nil 
. ; {0-728 3°12 3-06 m 
ial « J nin. 
Fraction 19 | 0-359 1-51 : Trace Oy 
i (0-659 2-92 2-83) 
2G » 4 
Fraction 20 10-329 1-45 —s oy 
Nephrotic serum case IV 
aa ( 0-525 1-99 ) - i 
Fraction 7 1 0-262 0-95 f Nil Nil 
. : s (0-917 3-62 - = 
Fraction 8 10-459 1-68 } Nil Nil 
. . 1-25 5-20 ) . 
aC i | 
Fraction 9 \o-e2 2-47 j Nil Xe 
7 . 0-933 4-05 ) - 
Fraction 10 | 0-466 1-88 f Nil hy 
Urine case IV 
Fraction 11 0-437 1-69 — Nil Nil 
Fraction 12 0-390 1-49 sy Trace Trace a, 
sae ls (1-03 4-28) i" 
Fraction 13 | 0-513 2-04) — Nil oy 
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Fig. 5. Elution of nephrotic urine proteins as in Fig. 3 
(urine of case IITB). onwards. 
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pressure and protein concentration on the albumin- 
containing fractions from these proteins, together 
with assessments of their contamination with 
globulins by immunoelectrophoretic analyses and 
by carbohydrate staining on filter paper. The latter 
method was used since the most likely contami- 
nating protein, «,-globulin, contains several glyco- 
protein components. Illustrative immunoelectro- 


103M, 





0 10 20 30 
Concn. of protein (g./100 ml.) 


Fig. 8. C/x versus C for albumin prepared from three 
normal sera. The regression line and the 95% confidence 
limits of the observations are shown. 


103M, 
3-27 _ 95 
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20-56 
L J wat = al 
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Concn. of protein (g./100 ml.) 


Fig. 9. C/a versus C for albumin prepared from three 
specimens (two cases) of nephrotic serum, shown in 
relationship to the 95% confidence limits for normal 
serum albumin. x, Albumin fractions in which no 
impurity could be detected; @, albumin contaminated 
with «-globulin. 
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phoretic analyses, with an antiserum containing no 
anti-albumin, are shown in Figs. 6 and 7. These 
serum fractions differed from the remainder in that 
the first contaminating protein to appear was an 
%»-globulin. 

Fig. 8 is a plot of C/z against C for the pure 
albumin from the three normal individuals. A 
regression line has been fitted and the 95% con- 
fidence limits are also shown. The equation of the 
regression is 


C/m x 10= 2-697 ( + 0-040) —0-188 C, 
Mol. wt. = 68 200 + 1000. 


The results from nephrotic serum albumin are 
plotted in Fig. 9, which also shows the 95% con- 
fidence limits of the measurements on normal 
serum albumin. Albumin fractions in which no 
globulin could be detected have been plotted as 
crosses, and the fractions with globulin contamina- 
tion have been plotted as filled-in circles. Fig. 10 
is a similar plot for the albumin of nephrotic urine. 
Both plots indicate that there are no significant 
differences between the values of C/z for normal and 
nephrotic albumin, and their molecular weights 
must therefore be regarded as identical within the 
experimental limits of these observations. The 
globulin-contaminated specimens, especially those 
from the urines, tend to have lower values of C/7z at 
any given concentration, and so probably have 
a lower average molecular weight. 


i0°M,, 





vimana 
0 0-5 1:0 1:5 2:0 
Concn. of protein (g./100 ml.) 
Fig. 10. The same as Fig. 9 except that the points refer to 
albumin prepared from three specimens (two cases) of 
nephrotic urine. 
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Average molecular weights of the 
serum and urine globulins 


Normal and nephrotic serum proteins have 
average molecular weights higher than that of 
albumin, whereas nephrotic-urine proteins have 
lower average molecular weights. Hence the 
average molecular weight of the globulins in serum 
is greater and in urine less than that of albumin. As 
Figs. 3-7 show, it was not possible completely to 
separate the entire globulins from albumin by 
zone electrophoresis. Since direct measurements 
were therefore impossible an indirect method has 
been used. Adair & Robinson (1930) assumed that 
the osmotic pressures of mixtures of albumin and 
globulin obeyed Dalton’s law of partial pressures. 


a total =m albumin + z globulin. 
Since at infinite dilution 
a=(C/M,) RT, 
C (total) _ C (albumin) C (globulin) 
M,, (total) M,, (albumin) M,, (globulin) ’ 





Table 5. Number-average molecular weights of the 
globulins in serum and urine as derived from the 
average molecular weight of the total protein and the 
percentage of albumin present 


10> M,, Albumin 10>? M,, 
Protein total protein percentage globulin 
Normal serum I 78 59 100 
Normal serum II 77 67 106 
Normal serum III 78 56 95 
Nephrotic serum 
CaseI A 177 24 354 
B 162 18 233 
C 99 36 132 
D 94 41 129 
E 95 50 158 
Case II A 102 40 153 
B 126 31 202 
Nephrotic urine 
CaseI A 64 63 58 
B 57 59 46 
C 67 70 65 
Case II A 56 76 36 
B 59 62 49 
Cc 63 66 55 
D 58 65 45 
Ultrafiltrates 
Normal serum II 
(1) 64 73 56 
(2) 68 75 68 
Nephrotic serum 
Case III 68 70 68 
Nephrotic urine 
Case II C 47 73 26 
D 53 67 36 
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The average molecular weights of the globulins 
have been calculated from this expression, a value 
of 68 000 for the molecular weight of albumin being 
assumed. The accuracy and validity of the results 
obtained depend largely upon the electrophoretic 
analysis. The filter-paper method had a reproduci- 
bility of + 6 % of the total protein and so precluded 
high accuracy, and in addition there was the possi- 
bility that the nephrotic proteins had different dye- 
binding characteristics from normal proteins, thus 
giving systematically false results. With these 
objections in mind the values given in Table 5 are to 
be regarded as at best semi-quantitative. It is 
noticeable, however, that the three specimens of 
normal serum globulins show a small range of values, 
whereas nephrotic-serum globulins always show 
increased values which, like the average molecular 
weight of the whole serum proteins (Fig. 1), may be 
related to the severity of the condition. The urine 
globulins show relatively small and possibly in- 
significant variations, but all have lower average 
molecular weights than that of albumin. The 
globulins in the ultrafiltrates of serum are com- 
parable with those of urine, and ultrafiltration of 
urine proteins also appears to effect a reduction in 
the average molecular weight of its globulins. 


DISCUSSION 


In this work protein concentrations have been 
derived from the estimated protein nitrogen con- 
centration multiplied by 6-25. This is valid for 
albumin and y-globulin (Tristram, 1953), but many 
of the «- and £-globulins include substantial carbo- 
hydrate or lipid prosthetic groups which contain 
little or no nitrogen. If the small proportion of 
prosthetic-group nitrogen be ignored, the protein 
concentrations and hence the average molecular 
weights derived here for mixtures containing «- and 
f-globulins refer to the polypeptide residues of these 
molecules. 

The average molecular weights of normal serum 
proteins have been estimated from precise osmotic- 
pressure measurements by Adair, Adair & Greaves 
(1940) and Popjék & McCarthy (1946). These in- 
vestigators used a nitrogen-into-protein conversion 
factor, related to the albumin: globulin ratio, some 
3% higher than the factor used in this work. If 
their data are recalculated with the 6-25 factor the 
average molecular weight obtained by Adair et al. 
(1940) is 80 000 and that obtained by Popjék & 
McCarthy is 82 000. These values compare with the 
results of 77 000—79 000 reported here. 

Nephrotic-serum proteins. Nephrotic serum albu- 
min to which immunological and chemical standards 
of purity were applied did not differ significantly in 
molecular weight from that of normal serum, and it 
appears possible that the reports of Charlwood 
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(1952) and Bourdillon (1939) may be explained by 
contamination with a globulin impurity of higher 
molecular weight. This result contrasts with the 
average molecular weights found for the whole 
serum proteins, which were always increased, in 
three instances being raised to more than twice the 
normal value (Fig. 1). The increases observed in 
different cases and during the phase of recovery in 
case I appeared to be related to the severity of the 
condition. The calculated average molecular weights 
of the globulins also appeared to be increased in 
every instance; this finding may be correlated with 
their altered electrophoretic distributions, which 
showed a preponderance of the «,-fraction. This 
observation indicates the fallacy in calculating the 
colloid osmotic pressures of nephrotic sera from 
albumin and total globulin contents based on 
findings from normal sera. 

Nephrotic-urine proteins. Precipitation occurred 
during the dialyses of some of the urine specimens. 
Subsequent work has shown that when normal 
serum is dialysed with urine the average molecular 
weight of the proteins is identical whether or not 
precipitation occurs. It is probable therefore that 
the average molecular weights of the nephrotic- 
urine proteins were unaffected by precipitation 
during dialysis. The purified urine albumin did not 
differ significantly in molecular weight from that of 
normal serum, and previously reported low values 
probably reflected a globulin impurity of low 


molecular weight. The average molecular weights of 


the whole urine proteins ranged from 56 000 to 
67 000 and the variations could not be correlated 
either with simultaneous variations of the serum 
proteins or with the severity of the condition. 
Protein cleavage in the urine could not be entirely 
excluded, but the fact that ultrafiltrates from normal 
and nephrotic serum were comparable both in 
average molecular weights and in immunoelectro- 
phoretic analyses with the urine proteins made it 
unlikely that protein breakdown in the urine is the 
major cause of these low values. 

The average molecular weights calculated for the 
urine globulins were invariably less than those of 
serum albumin. The probable low molecular weight 
of the fractionated material in the albumin «,-region 
(Table 5 and Fig. 10) suggests that the urine «,- 
globulin is comprised of proteins of low molecular 
weight. Several «,-glycoproteins having high carbo- 
hydrate contents and molecular weights based on 
dry weights and sedimentation coefficients of about 
45 000 have been isolated from normal serum by 
Schultze, Géllner, Heide, Sch6nenberger & Schwicke 
(1955). Had the contribution of the carbohydrate 
been ignored, as in the results reported here, the 
derived molecular weights would have been about 
30 000, and it seems likely that these proteins form 
a high proportion of the «,-globulin fraction of the 
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urine proteins. The urinary «,- and £-globulins may 
likewise represent only the lower molecular-weight 
members of the groups of proteins having these 
mobilities in the serum. The immunoelectrophoretic 
analyses were consistent with this hypothesis by 
showing fewer antigenic components with the 
mobilities of «- and £-globulins in the urine than in 
the serum (Fig. 2). 

Certain conclusions may be drawn concerning 
the mechanism of proteinuria in these cases. The 
identity in terms of molecular weight of albumin 
from nephrotic serum and urine with albumin from 
normal serum implies that the increased excretion 
of this protein is not the result of a reduction of its 
molecular dimensions, but rather that the ab- 
normality resides in the kidney. The nephrotic 
kidney, however, even during heavy proteinuria, 
retains to a remarkable degree its characteristic of 
selective molecular filtration. This selectivity may 
be regarded as a function of the glomerular mem- 
brane, and since the ultrafiltration experiments 
showed that it may be reproduced by a suitable 
membrane in vitro, it is not necessary to invoke 
tubular activity to account for the composition of 
the urine protein mixture. That the nephrotic 
glomeruli retain a high degree of selectivity does not 
necessarily imply that this aspect of their function is 
entirely normal, especially since the selectivity of 
the normal glomerulus as defined by the relative 
transmissibility of various sized proteins into its 
filtrate is as yet unknown. 


SUMMARY 


1. The number-average molecular weights of the 
proteins of three normal human sera lay between 
77 000 and 79 000. 

2. The number-average molecular weights of the 
serum proteins from four cases of the nephrotic 
syndrome ranged between 177 000 and 90 000 and 
the increase could be related to the severity of the 
clinical condition. 

3. The number-average molecular weights of the 
urine proteins from the same cases ranged between 
54000 and 67000, and showed no systematic 
relation to the clinical condition. 

4. Protein mixtures resembling those of neph- 
rotic urine in electrophoretic and immunoelectro- 
phoretic analyses and in number-average molecular 
weight were prepared from normal and nephrotic 
sera by ultrafiltration through membranes of 
appropriate permeability. 

5. Purified albumin prepared from nephrotic 
serum and urine had the same molecular weight as 
that from normal serum. 

I am indebted to Dr P. G. H. Gell for the immunoelectro- 
phoretic analyses, to Dr J. Hardwicke for help with the 
quantitative filter-paper electrophoretic analyses, and to 
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Dr D. R. Stanworth for the carbohydrate stains and for an 
analysis in the ultracentrifuge. It is a pleasure to acknow- 
ledge the advice and encouragement of Professor J. R. 
Squire. This work was done during the tenure of a grant 
from the Medical Research Council. 


REFERENCES 


Adair, G. S., Adair, M. E. & Greaves, R. I. N. (1940). 
J. Hyg., Camb., 40, 548. 

Adair, G. 8. & Robinson, M. E. (1930). Biochem. J. 24, 1864. 

Bayliss, L. E., Kerridge, M. T. & Russell, D. S. (1933). 
J. Physiol. 77, 386. 

Bourdillon, J. (1939). J. exp. Med. 69, 819. 

Brewer, D. B. (1951). Proc. R. Soc. Med. 44, 557. 

Burtin, P. & Grabar, P. (1954). Sem. Hép. Paris, 30, 1. 

Campbell, P. N. & Stone, N. E. (1956). Biochem. J. 62, 9P. 

Charlwood, P. A. (1952). Biochem. J. 52, 279. 

Flodin, P. & Porath, J. (1954). Biochim. biophys. Acta, 13, 
175. 


Gell, P. G. H. (1955). J. clin. Path. 8, 269. 


PROTEINS OF NEPHROTIC SERUM AND URINE 445 


Grabar, P. & Williams, C. A. (1953). Biochim. biophys. Acta, 
10, 193. 

Hardwicke, J. (1954a). Proc. R. Soc. Med. 47, 832. 

Hardwicke, J. (19546). Biochem. J. 57, 166. 

Kioéw, E. & Grénwall, A. (1952). Scand. J. clin. Lab. Invest. 
4, 244. 

Ma, T. S. & Zuazaga, G. (1942). Industr. Engng Chem. 
(Anal.), 14, 280. 

Popjak, G. & McCarthy, E. F. (1946). Biochem. J. 40, 789. 

Rowe, D. S. (1956). J. Physiol. 134, 1P. 

Rowe, D. S. & Abrams, M. E. (1957). Biochem. J. 67, 431. 

Schultze, H. E., Géllner, I., Heide, K., Schénenberger, M. & 
Schwicke, J. (1955). Z. Naturf. 106, 463. 

Squire, J. R., Blainey, J. D. & Hardwicke, J. (1957). Brit. 
med. Bull. 13, 43. 

Tristram, G. R. (1953). In The Proteins, vol. 1A, p. 215. 
Ed. by Neurath, H. & Bailey, K. New York: Academic 
Press. 

Wallenius, G. (1954). Acta Soc. Med., Upsalien, suppl. 4. 

Wells, H. S. (1932). Amer. J. Physiol. 101, 409. 

Widdowson, E. M. (1933). Biochem. J. 27, 1321. 


The Transformation of Gallates into Ellagate 


By D. E. HATHWAY 
The British Leather Manufacturers’ Research Association, Milton Park, Egham, Surrey 


(Received 1 April 1957) 


Herzig, Pollak & Bronneck (1908) demonstrated 
that aeration of an ammoniacal solution of ethyl 
gallate (I) yielded ellagic acid (V), and recently 
humic acid and a trace of hydrogen peroxide were 


products of reaction. In this study, 4:5:6:4’:5’:6’- 
hexahydroxydiphenic acid was shown to be the 
chemical precursor of ellagic acid, and gallic acid 
the chemical precursor of the humic acid by-product. 
It is now suggested that the principal reaction may 
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have biological implications. Quantitative aspects 
of the transformation in vitro of plant metabolites of 
type (I)-(IV) into ellagic acid which have been 
explored under physiological conditions are re- 
ported in the present communication. 


MATERIALS AND METHODS 


Melting points were determined on a Kofler block. Specific 
rotations were determined for the D line of sodium, a 1 dm. 
microtube being used. Five pairs of readings with the 
solutions and five pairs with a solvent blank were taken in 
each case. Temperature, where not recorded, was 20-25°. 
Paper chromatography was carried out at 23+ 2° in all- 
glass apparatus. Chromatograms were dried at room 
temp. unless otherwise stated. A Hanovia mercury arc 
fitted with a Wood’s glass filter was used to examine chro- 
matograms for fluorescent zones. 

Ethyl and methyl gallates were prepared by Fischer- 
Speier ethylation and methylation of the free acid, and they 
were crystallized from aq. ethanol and aq. methanol 
respectively and dried over P,O,; at 120°/0-01 mm. Hg. 
Ethyl gallate formed rhombs, m.p. 155°; methyl gallate 
formed rhombs, m.p. 198-199°. 

Glucogallin (8-p-glucose-1-gallate) was synthesized from 
B-p-glucose-2:3:4:6-tetra-acetate and galloyl chloride tri- 
acetate, according to Fischer & Bergmann’s method (1918). 
Deacetylation of the hepta-acetate, m.p. 125°, [a]p) — 24° 
(c, 1-0; tetrachloroethane), by Zemplén ammonolysis under 
H,, gave free glucogallin which crystallized from 80% 
ethanol, forming small prisms, m.p. 211-212°, [a]p — 24° 
(c, 1-0; water). 

Chebulinic acid nonahydrate, [a«])+65° (c, 1-0; aq. 
ethanol) was isolated from the dried fruit (myrobalans) of 
Terminalia chebula, and was crystallized from aq. acetone 
(Freudenberg & Frank, 1927). The preparation ran as a 
single spot on a two-way chromatogram, in which n-acetic 
acid and butan-2-ol-acetic acid—water (14:1:5, by vol.) 
were used as solvent systems. 

L-Ascorbic acid (Biochemicals Roche) had m.p. 188-190°, 
[a]p +48° (c, 1-0; methanol). 

Soluble lyophilized mushroom polyphenoloxidase (L. 
Light and Co.) had a purpurogallin number (p.N.) of 0-15. 
p.N. represents the no. of milligrams of purpurogallin formed 
from pyrogallol in 5 min. at 20°/mg. dry wt. of enzyme 
preparation (Keilin & Mann, 1938). 

Acetone-dried powder of Psalliota campestris. Freshly 
picked mushrooms (300 g.) were sliced and put into ice-cold 
acetone (2 1.) and homogenized in a macerator. The homo- 
genate was filtered on sintered glass, and the solid (20 g.) 
was immediately washed five times with 500 ml. portions of 
ice-cold acetone and dried over paraffin wax at 0°/1mm. Hg. 
A Hilger Uvispek spectrophotometer was used for the 
p.N. determination by Keilin & Mann’s (1938) method. This 
powder (2-8 enzyme units) had a p.n. of 0-14. One enzyme 
unit (E.U.) corresponds to the quantity of enzyme which 
produces 1 g. of purpurogallin in 5 min. at 20°. 

Incubation unit. A 500 ml. Erlenmeyer flask equipped 
with a B24 standard ground-glass socket to receive a gas 
wash-bottle head (MF 28/3, Quickfit and Quartz Ltd., 
London) with an inlet reaching to within 5mm. of the 
bottom of the flask, was immersed in a thermostat at 20°. 
Several units were connected in series to an air supply 
delivering 700-900 ml./min. 


Oxidation procedure. In a typical experiment, 0-5 m-mole 
of finely divided substrate was dissolved in 150 ml. of 
buffer which had previously been equilibrated at 20°, and 
the unit was connected in series with the air supply. At the 
end of the reaction period the flask was detached from the 
train, and the reaction was arrested by the acidification of 
the reaction mixture with cone. HCl. Ellagic acid was co- 
agulated, and filtered in a 4G sintered-glass crucible, which 
was subsequently washed with hot water and ethanol 
successively, and dried at 100° to constant weight. When the 
acidified reaction mixture contained insoluble enzyme pre- 
paration, the supernatant was removed from the sediment 
in the centrifuge, and the sediment was boiled with a 10 ml. 
portion of pyridine. The pyridine extract was filtered from 
cellular debris, which was subsequently washed with three 
further 10 ml. portions of boiling pyridine. The combined 
pyridine extract and washings were diluted with water and 
acidified with conc. HCl. After coagulation, the ellagic acid 
precipitate was collected as previously described. This 
separation afforded reproducible results. 

Autoxidation and enzymic-oxidation experiments in- 
volving glucogallin and chebulinic acid were performed 
under similar conditions, chebulinic acid being extracted 
from ellagic acid precipitate with a large volume of acetone. 
Aerobic oxidation of gallate in the presence of ascorbic acid 
was carried out similarly. In the attempts at coupled oxida- 
tion, methyl gallate (0-5 mm), ascorbic acid (0-5 mm) and 
copper (2-5 yg./ml.) were present in equilibrated phosphate 
buffer, pH 7-4, and the experiment was repeated in the 
presence of 3 x 10-°x.v. of mushroom polyphenoloxidase. 

Oxidation of ascorbic acid. Ascorbic acid (35-2 mg.) was 
dissolved in 200 ml. of 0-75mM-NaHCO,, pH 7-9, which was 
aerated at 20°. Samples (1 ml.) were withdrawn at 15 min. 
intervals, acidified to Congo red with 20% (w/v) trichloro- 
acetic acid and titrated immediately with 0-02 mm-2:6- 
dichlorophenolindophenol. 


Identification of the product from the autoxidations 
and enzymic oxidations 


Paper chromatography. Spots (5 pl.) of an 0-2% solution 
of the product in pyridine, and marker spots (5 pl.) of 0-2% 
solutions of authentic ellagic acid in pyridine, and of 
galloflavin and isogalloflavin in methyl Cellosolve (2- 
methoxyethanol), were applied to starting lines 4 cm. from 
the lower edge of sheets of Whatman filter paper no. 1, of 
length 57cm. Single-way ascending chromatography was 
effected with benzyl alcohol-tert.-butyl alcohol—propan-2- 
ol-water (3:1:1:1, by vol.) containing 1-8 % (w/v) of formic 
acid (Stark, Goodban & Owens, 1951). Papers were irrigated 
for 20-24 hr., and dried at 60-70°. Single-way chromato- 
graphy of the product and of authentic ellagic acid was also 
effected in aq. 60% (w/v) formamide buffered at pH 3:5 
with formic acid (Hathway, 1956a). Ellagic acid was 
recognized by its distinctive soft violet fluorescence in u.v. 
light, changing to pale yellow on exposure to NH, vapour. 

Derivative formation. A filtered solution of the reaction 
product in pyridine was regenerated by acidification with 
conc. HCl. The precipitate was removed, dried at 100°, and 
refluxed with acetic anhydride in the presence of a few drops 
of conc. H,SO, as catalyst. Ellagic acid tetra-acetate 
crystallized from a large volume of acetic anhydride, 
forming needles, m.p. 344° (Found: C, 55-7; H, 3-3. Cale. 
for Co.H,,0.:C, 56-1; H, 3-0%). A boiling soln. of the tetra- 
acetate in pyridine was neutralized with boiling acetic acid, 
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and the solution obtained was refluxed with an equal volume 
of 12nN-HCl. The resulting ellagic acid was recovered with 
little loss from these operations. 

Infrared spectra. Nujol (liquid paraffin) mulls were pre- 
pared from this purified specimen and from an authentic 
specimen of ellagic acid (Herzig et al. 1908) similarly purified. 
Infrared spectra were automatically recorded on the same 
sheet at 2-0 cm.—1/sec., a Perkin-Elmer model 21 double- 
beam spectrophotometer, equipped with rock-salt optics, 
being used for the determinations. 


Chromatographic separation of ethyl and methyl 
gallates from other plant phenolic compounds 

Spots (5 yl.) of 0-2% solutions of ethyl gallate, methyl 
gallate, protocatechuic acid and syringic acid in ethanol 
were applied to starting lines, 4 cm. from the lower edge of 
sheets of Whatman filter paper no. 2, of length 57 cm. 
Single-way ascending chromatography was effected with 
butan-l-ol-acetic acid-water, 63:10:27, by vol., upper 
phase only (Campbell, Work & Mellanby, 1951). Papers 
were irrigated for 24 hr., and sprayed with ethanolic ferric 
chloride reagent. 


RESULTS 


The present work consists of a study of the trans- 
formation in vitro of plant metabolites of type (I)- 
(IV) into ellagic acid under physiological conditions. 
The product of these new reactions was character- 
ized as a crystalline tetra-acetate, and the parent 
compound was shown to be identical with authentic 
ellagic acid (Herzig et al. 1908) by paper chromato- 
graphy and infrared measurement. Ellagic acid 
exhibits: a band at 1712 cm.—! due to the carboxyl- 
stretching vibration; aromatic bands at 1600, 
1580 and 1518 cm.~!; a strong band at 3200 cm.-? 
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Fig. 1. Formation of ellagic acid at 20° by mushroom 
polyphenoloxidase. Each flask contained 0-75 m-NaHCO,, 
pH 7-9, and 0-5 m-mole of methyl gallate. @, Without 
enzyme; O, with 3 x 10-n.v. of enzyme; A, with two 
separate additions of 1-5 10-*n.v. of enzyme. For 
details see Methods. 


TRANSFORMATION OF GALLATES INTO ELLAGATE 447 


due to H-bonded hydroxyl; bands at 3570 and 
3485 cm.—! due to free hydroxyl (Hathway, 19562). 
Ellagic acid has a high R, value (0-60) in 
benzyl alcohol—tert.-buty1 aleohol—propan-2-ol—water 
(3:1:1:1, by vol.) containing 1-8 % of formic acid, 
and a similar R, value in aq. 60 % (w/v) formamide, 
buffered to pH 3-5 with formic acid. 

The aerobic oxidation of ethyl and methyl 
gallates was initially explored in a solution of 
sodium bicarbonate, pH 7-9, and in phosphate 
buffer, pH 8-0. Autoxidation in both media pro- 
ceeded slowly, presumably since oxidation to 
quinone is inhibited by phenol (James, Snell & 
Weissberger, 1938), and was incomplete. Autoxida- 
tion was more rapid and proceeded farther in 
NaHCoO, than in phosphate buffer. 

Mushroom polyphenoloxidase accelerated the 
initial O, uptake in both media, and the progress 
curves for ellagic acid formation (Figs. 1, 2) showed 
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Fig. 2. Formation of ellagic acid at 20° by mushroom 
polyphenoloxidase. Each flask contained 0-07M-phos- 
phate buffer, pH 8-0, and 0-5 m-mole of methyl gallate. 
@, Without enzyme; O, with 4x10-*r.v. of enzyme; 
\, with two separate additions of 2 x 10-?z.v. of enzyme. 
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Fig. 3. Effect of pH on ellagic acid formation from methyl 
gallate after aeration for 3 hr. in 0-07 M-phosphate buffer. 
@, Without enzyme; O, with 2 x 10-*z.v of mushroom 
enzyme. 
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slow inactivation of enzyme during the reaction. 
Thus ellagic acid formed with the lower enzyme 
concentrations (Figs. 1, 2) represented incomplete 
oxidation of methyl gallate; and a second addition 
of enzyme resulted in an immediate acceleration of 
ellagic acid formation. A comparatively low level 
of enzyme activity brought the reaction in sodium 
bicarbonate solution to completion, and this is the 
first quantitative preparation of ellagic acid to be 
reported. Enzymic oxidation of ethyl and methyl 
gallates in the phosphate buffer was incomplete, 
since humic acid was also formed, and an optimum 
yield of ellagic acid of only 80% was obtained. 
Because of this the reaction could not be followed by 
manometric means, but was determined by esti- 
mating the ellagic acid formed. No ellagic acid was 
produced by the action of hydrogen peroxide on 
methyl] gallate in the presence of peroxidase. 

The progress curves (Figs. 1, 2) were typical of 
those for enzyme-catalysed reactions, but the 
difference in rate of formation of ellagic acid in 
bicarbonate and phosphate at comparable levels of 
enzyme activity appeared to be too great to be 
accounted for by a difference in pH of 0-1. For this 
reason the effect of pH on ellagic acid formation in 
phosphate buffer was investigated, both in the 
presence and absence of enzyme (Fig. 3), and in both 
cases the rate of reaction was faster at pH 8-0 than 
at pH 7-9. Empirical experiments involving com- 
plex-forming agents suggest that the enhanced rate 
in sodium bicarbonate compared with that in 
phosphate buffer at the same pH may be due to the 
fact that Cu?+ ion forms complexes more effectively 
with phosphate than with bicarbonate, for when 
comparable solutions of the enzyme in sodium 
bicarbonate and in phosphate buffer were shaken 
with a solution of diphenylthiocarbazone in carbon 
tetrachloride, and the resulting solvent phase was 
extracted with 0-02N-HCl to remove other metals 
(Caughley, Holland & Ritchie, 1939), the residual 
carbon tetrachloride extract obtained from the 
bicarbonate solution contained more copper than 
that from the phosphate buffer. Since mushroom 
polyphenoloxidase is a copper protein, the presence 
of a trace of Cu?+ ion in solution is probably essential 
for full catalytic influence. 

Ascorbic acid had no influence on the formation of 
ellagic acid from methyl gallate in either the 
presence or the absence of enzyme in a bicarbonate 
buffer, pH 7-9 (Fig. 4). With phosphate buffer, 
however, at pH 7-4 in the presence of copper, 
ellagic acid was formed from methyl gallate in a 
20% yield, but no formation occurred in the 
presence of ascorbic acid. Ascorbic acid also 
arrested the corresponding enzymic oxidation of 
gallate in this buffer, both in the presence or 
absence of a small addition of Cu?+ ion. 

Aerobic oxidation of the tannin prototype, 


glucogallin (III), has now been investigated in 
sodium bicarbonate solution, and a 50% yield of 
ellagic acid was achieved. By addition of enzyme 
this reaction went to completion (Fig. 5). Glucose 
was detected chromatographically in the reaction 
medium. 





0:25 
i 02¢ 
v ° 
2 E 
45£ 
: O1SE 
> 02 3 
8 01 6 
Vv bo 
5 = 
8 01 005 
< 

0 

0 2 4 6 8 
Time (hr.) 


Fig. 4. Formation of ellagic acid in the presence of ascorbic 
acid. The reaction flask contained 0-75mM-NaHC0O,, 
pH 7-9, 0-5 m-mole of methyl gallate and 0-2 m-mole of 
ascorbic acid. O, Without enzyme; A, with 3 x 10-?£.v. 
of mushroom enzyme (see ordinate on right). Corre- 
sponding results obtained in the absence of ascorbic acid 
are shown by the broken curves. The control (@) shows 
destruction of ascorbic acid under these conditions (see 
ordinate on left). For details see Methods. 
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Fig. 5. Transformation of glucogallin into ellagic acid 
by mushroom polyphenoloxidase. Flasks contained 
0-75M-NaHCO,, pH 7:9, and 0-1 m-mole of glucogallin. 
@, Without enzyme; O, with 10-*£.v. of enzyme. 





Table 1. Chromatographic behaviour of plant 
metabolites and their reactions with ferric iron 
Solvent system: butan-1-ol-acetic acid—water (63:10:27, 
by vol.; upper phase). 


Plant metabolite Ry, Ferric reaction 
Methyl] gallate 0-84 Violet 
Protocatechuic acid 0-87 Green 
Syringic acid 0-90 Wine-red 
Ethyl] gallate 0-90 Violet 
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Table 2. Distribution of gallates in dicotyledonous plants 


Gallate or 


gallotannin Genus Family 
(IIT) Rheum Polygonaceae 
(II) Caesalpinia Leguminosae 
(II) Geranium Geraniaceae 
(II) Euphorbia Euphorbiaceae 
(II) Koelreuteria Sapindaceae 
(v | Terminalia Combretaceae 
(1) Arbutus Ericaceae 


Aerobic oxidation of the gallotannin chebulinic 
acid (Fridolin, 1884a, b) (IV) has also been similarly 
investigated, and 0-6 mole of ellagic acid was 
obtained, indicating that the 1-galloyl residue of the 
tannin was hydrolytically oxidized to ellagic acid. 
Addition of mushroom polyphenoloxidase did not 
affect the rate of reaction, since the initial pre- 
ponderance of tannin inactivated the enzyme. 

Table 1 records R, values and ferric reactions for 
ethyl and methyl gallates, and for protocatechuic 
and syringic acids. These substances were located 
at the same site on a two-dimensional paper 
chromatogram in which n-acetic acid and butan-2- 
ol-acetic acid—water (14:1:5, by vol.) were used as 
solvent systems (King, 1956). They were separated 
on a single-way paper chromatogram irrigated with 
the upper phase of the butan-1l-ol-acetic acid— 
water (63:10:27, by vol.) solvent system which has 
been successfully used by Bradfield & Flood (1952). 
Methyl gallate has nuw been detected by these 
means in one of the phenolic fractions derived from 
myrobalans, the dried fruit of Terminalia chebula. 


DISCUSSION 


Since ellagic acid is widely distributed among Di- 
cotyledonae (Bate-Smith, 1956; Hathway, 1956a; 
Wehmer & Hadders, 1932), the present transforma- 
tion of gallates into ellagate suggests that the 
incidence of ellagic acid may at least in part be 
related to the concomitant occurrence of gallate 
precursors. In Table 2 a list is given of the families 
and genera of plants from the leaves of which 
gallates, of type (I)-(IV), have been isolated. The 
families which contain the gallates cited in this 
table belong to the same orders (Willis, 1931) as 
those in which ellagic acid most consistently occurs. 
From a pioneer study of the distribution of poly- 
phenols in the green leaves of more than a thousand 
dicotyledonous species, Dr E. C. Bate-Smith 
(private communication) has found that the 
occurrence of gallic acid is comparatively scarce, 
the free acid occurring only in extracts of those 


29 


Reference 
Gilson (1903) 
Nierenstein (1905) 
Huzikawa & Ina (1940); Fujikawa, 
Nakamura & Asami (1942) 
Huzii, Huzikawa & Kudo (1937) 
Carlson, Olynyk, Duncan & Smolin (1951) 


Fridolin (1884a, b); Hathway (19565) 
Sosa (1950) 


plants which contain gallates or gallotannins. The 
fact that free gallic acid is not transformed into 
ellagate by aerobic oxidation does not therefore 
conflict with the possible formation of the ellagic 
acid of some Dicotyledonae from gallate precursors. 
The close structural relationship between chebulinic 
and chebulagic acids, (IV) and (VI), the unique 
gallotannin and ellagitannin respectively of myro- 
balans (Schmidt, 1956; Schmidt & Mayer, 1956), 
suggests that the ellagitannin is formed from 
chebulinic acid by the oxidative elimination of two 
hydrogen atoms from adjacent galloyl residues, 
attached to Cy, and C,, of the B-p-glucose residue. 
The hexahydroxydiphenyl residue of chebulagic 
acid, the ellagitannin of the Terminalia, may 
therefore originate from the galloyl residues of the 
trigallate, chebulinic acid. The present demonstra- 
tion of oxidative removal of the galloyl residue of 
chebulinic acid explains why a neutral aqueous 
extract of myrobalans deposits ellagic acid on 
standing. Free ellagic acid may therefore be formed 
in the fruit of Terminalia after abscission by the 
aerobic oxidation of methy] gallate, glucogallin and 
chebulinic acid, as well as by hydrolysis of the 
ellagitannin, chebulagic acid (VI). 

The transformation of gallate into ellagate and 
the polymerization through quinone of catechin 
into phlobatannin (Hathway & Seakins, 1955, 
1957a, b) involves the same enzyme system, and 
this may be relevant to the tannins of the closely 
related (Fagaceae) oak (Quercus pedunculata and 
Q. sessiliflora) and chestnut (Castanea sativa). The 
barks contain phlobatannins, built up from catechin 
and gallocatechin units, and considerable quantities 
of ellagitannins, which give glucose, gallic acid, 
ellagic acid, dehydrodigallic acid and other un- 
identified phenolics on hydrolysis (Mayer, 1956), 
whereas chestnut heartwood contains only ellagi- 
tannins (Hathway, 1956c). These preliminary 
results pose many questions, and the distribution of 
tannin within the plant is now being studied in this 
Laboratory together with the chemical investiga- 
tion of oak-bark tannins. 
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SUMMARY 


1. The aerobic oxidation of ethyl and methyl 
gallates to ellagic acid in aqueous sodium bicarbon- 
ate solution, pH 7-9, and phosphate buffer, pH 8-0, 
is reported. Autoxidation is incomplete, and mush- 
room polyphenoloxidase accelerates the initial 
uptake of oxygen in these media. 

2. Enzymic oxidation in sodium bicarbonate 
solution gives a quantitative yield of ellagic acid, 
whereas in phosphate buffer a humic acid by- 
product is also formed. 

3. Ascorbic acid interrupts aerobic oxidations of 
methyl gallate in phosphate buffer, pH 7-4, whereas 
these oxidations are unaffected by ascorbic acid in 
sodium bicarbonate solution. 

4. Aerobic oxidation of the tannin prototype, 
glucogallin, and of the gallotannin, chebulinic acid, 
gives ellagic acid. 

5. Since ellagic acid most consistently occurs in 
those orders of the Dicotyledonae which contain 
gallates and gallotannins, the possibility that in 
some of these the gallate metabolites may behave as 
ellagic acid precursors is considered. 

6. The fact that polyphenoloxidase is involved in 
the transformation of gallate into ellagate and in the 
polymerization through quinone of catechin into 
phlobatannin may be related to the simultaneous 
occurrence of ellagitannins and phlobatannins. 

The author wishes to thank the Director and Council of 
the British Leather Manufacturers’ Research Association 
for their permission to publish this paper. We are also 
indebted to Dr J. E. Page, of Glaxo Laboratories Ltd., 
Greenford, for the infrared spectra, and to Mr R. Lane for 
technical assistance. 
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The Biosynthesis of Sucrose 


By J. F. TURNER* 
Botany School, University of Cambridge 


(Recewed 17 April 1957) 


Although sucrose is the most widespread and gener- 
ally the most abundant sugar present in plants, the 
mechanism of sucrose synthesis by the plant has, 
until recently, remained obscure. 


* Present address: Division of Food Preservation and 
Transport, C.S.I.R.O., Botany School, University of 
Sydney, Australia. 


Numerous experiments have been carried out on 
the formation of sucrose in intact plant tissues when 
these were supplied with hexoses, e.g. Nelson & 
Auchincloss (1933), Nurmia (1935), Leonard (1939). 
Calvin & Benson (1949) allowed the alga Chlorella to 
photosynthesize in the presence of CO, and found 
that the first labelled frec carbohydrate to appear 
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was sucrose. Glucose and fructose were present, 
but were not radioactive, and it was concluded that 
these sugars were not intermediates in sucrose 
formation but that the probable intermediates were 
hexose phosphates. Buchanan et al. (1952), 
studying the photosynthesis of Scenedesmus with 
4CO,, confirmed that sucrose was the first radio- 
active free sugar to appear. Before sucrose was 
formed radioactivity appeared in hexose mono- 
phosphates and in uridine diphosphate glucose 
(UDPG), and it was suggested that sucrose syn- 
thesis in the plant may be by transfer of a glucosyl! 
group from UDPG to a fructose phosphate to yield 
a sucrose phosphate. 

Preliminary accounts of some of the experiments 
reported here have been published (Turner, 1953, 
1954). It was found that an extract from dried pea 
seeds formed sucrose from a mixture of glucose 
l-phosphate and fructose. Further experiments 
produced evidence consistent with the participation 
of UDPG in the synthesis but indicated that free 
fructose (and not a fructose phosphate) was a 
precursor. Since this work was carried out Leloir & 
Cardini (1953) have reported the occurrence in 
plant tissues of an enzyme which catalyses the 
reaction 


UDPG + fructose = sucrose + uridine diphosphate. 


It is probable that this reaction is the final step in 
sucrose formation from glucose 1-phosphate and 
fructose by pea extracts. 

This paper describes the methods of preparation 
of the extracts of pea enzyme and gives details of 
the factors affecting sucrose formation and of the 
properties of a sample of synthetic sucrose. The 
possible relationship of these findings to sucrose 
synthesis in the plant is discussed. 


MATERIALS AND METHODS 


Substrates 


Sugars. Commercial preparations of glucose, fructose 
and sucrose, which gave only one spot when examined on 
paper chromatograms with butanol-acetic acid—water 
(4:1:5, by vol.) as solvent, were used. 

Phosphate esters. Glucose 1-phosphate was kindly 
supplied by Professor C. 8. Hanes. Adenosine triphosphate 
(ATP) and diphosphopyridine nucleotide (DPN) were 
kindly supplied by the late Mr E. J. Morgan. Samples were 
later obtained from Pabst Laboratories (Milwaukee, Wis., 
U.S.A.). 

A sample of synthetic uridine 5’-phosphate (UMP) was 
kindly supplied by Professor Sir Alexander Todd. 


Methods 


The preparation of the enzyme extracts is described in 
another section. The enzyme digests were carried out at 25°. 
Digest samples were inactivated by the addition of tri- 
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chloroacetic acid, kept cool and manipulations carried out 
without delay; under these conditions there was no de- 
tectable hydrolysis of sucrose. 

Estimation of phosphate. Inorganic orthophosphate was 
determined by this modification of the method of Allen 
(1940): The sample (not greater than 2 ml.) was placed in a 
colorimeter tube and the volume adjusted (if necessary) to 
2 ml. by the addition of water. Mixed amidol reagent (5 ml.) 
was then added, the contents of the tube were mixed and the 
absorption was measured at 660 my after 15 min. The mixed 
amidol reagent was prepared immediately before use by 
taking 10 ml. of HCIO, (60%, w/v), 10 ml. of the amidol— 
bisulphite reagent of Allen and 5ml. of 83% (w/v) 
ammonium molybdate and diluting to 100 ml. with water. 

Chromatography of sugars. Fructose and sucrose were the 
only simple sugars usually present in the enzyme digests 
studied. A single-phase mixture of propanol—water—aq. 
NH, soln. (16:3:1, by vol.) was found to be suitable and 
was used for all quantitative work. The presence of ammonia 
produced more compact spots than propanol—water (4:1, 
v/v) and had the advantage of neutralizing the extracts 
from enzymic digests which were applied to the chromato- 
gram in trichloroacetic acid solution. Another advantage 
was that phosphoric esters of sugars remained on the 
‘starting line’ and thus did not interfere with subsequent 
estimation of the sugars. 

Spraying reagents. The sprays used included naphtha- 
resorcinol-H,PO, (Bryson & Mitchell, 1951), benzidine— 
trichloroacetic acid (Bacon & Edelman, 1951) and AgNO,— 
NaOH (Trevelyan, Procter & Harrison, 1950). 

Estimation of sugars. Trichloroacetic acid extracts 
containing the sugars were applied to Whatman no. 3 
paper chromatograms and developed with propanol— 
water-aq. NH, soln. solvent. The area of paper containing 
the sugar to be estimated was cut out and soaked in water. 
The sugars in this aqueous extract were determined by the 
resorcinol method of Cole, Hanes, Jackson & Loughman 
(1955). 

Preparation of the crude extract. Pea seeds (var. Laxton’s 
Progress) were finely ground in a Christie and Norris mill 
and the powder was extracted three times with ether at 
room temperature and air-dried. The defatted powder was 
stored at 4° and showed no loss of sucrose-forming activity 
during a period of 6 months. 

For the preparation of the enzyme extract, 15g. of 
defatted pea powder was suspended in a mixture of 40 ml. of 
glass-distilled water, 5 ml. of toluene and 10 ml. of 0-2m- 
NaHCO, in a stoppered bottle. The bottle was slowly 
rotated for 3 hr. at room temperature on a pair of mechanical 
rollers. The mixture was centrifuged at 1000 g for 10 min. 
and the supernatant used for enzyme experiments. Studies 
of sucrose synthesis and the liberation of inorganic phos- 
phate by this extract were reported previously (Turner, 
1953). 

Preparation of partially purified extracts from peas. 
Attempts to dialyse the crude pea extract against water, tap 
water and 1% (w/v) KCl resulted in a complete loss of 
ability to synthesize sucrose. The activity was not restored 
by the addition of a boiled crude pea extract. 

Dialysis against phosphate buffers for 20 hr. at 4° caused 
complete loss of activity. It was found, however, that when 
the preparation was subjected to dialysis for only 5 hr. at 4 
against 0-025m-phosphate buffer (KH,PO,-NaOH), pH 7, 
some activity remained. 
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RESULTS 


Effect of boiled pea extract and Mg?+ ions. It had 
been observed that fluoride inhibited sucrose 
synthesis by crude pea extracts and this suggested 
that Mg*+ ions might be essential for the reaction. 
Boiled pea extract was prepared by boiling the 
crude pea extract for 4 min. and centrifuging at 
20 000g for 15min. Both boiled extract and 
MgCl, markedly stimulated sucrose synthesis by a 
pea extract which had been dialysed for 5 hr. 
against 25 mm-phosphate buffer. 

To ascertain whether the stimulation given by the 
boiled pea extract was due to Mg*+ ions, a more 
rigorously dialysed preparation was made. The 
crude pea extract was placed in a dialysis sac which 
contained a thick glass rod. The sac was immersed in 
phosphate buffer (25mm, pH 7) contained in a 
cylinder which was placed on a mechanical rocking 
machine. Slow rocking was continued for 5 hr. at 
4°. It was found that the addition of boiled pea 
extract greatly increased sucrose synthesis above 
that given by the optimum concentration (10 mm) 
of MgCl,. It was therefore concluded that boiled 
pea extract contained a factor or factors, other 
than Mg?+ ions, essential for the synthesis of 
sucrose. 

Precipitation by ammonium sulphate. The crude 
pea extract (prepared as described above) was 
centrifuged at 20 000 g for 20 min. at room temper- 
ature and the precipitate discarded. Centrifuging 
at high speed at this stage was necessary to secure 
satisfactory sedimentation after the addition of 
(NH,),.SO,. Cold neutralized saturated (NH,),SO, 
(80 ml.) was added to 20 ml. of the turbid super- 
natant. After standing for 1 hr. at 4° the mixture 
was centrifuged at 20 000g for 20 min. at room 


Table 1. Effect of nucleotide fractions and boiled pea 
extract on sucrose synthesis by the partially purified 
extract 
The digest (total vol. 1-8 ml., pH 7) contained glucose 

l-phosphate, 14-4mm; MgCl,, 10 mm; partially purified 

extract, 1 ml. Additions were fructose, 24-4 mm; boiled 

pea extract, 0-5 ml.; yeast-nucleotide fraction, 0-5 ml.; 

pea-nucleotide fraction, 0-5 ml. 

Sucrose 
(umoles/ml. of digest) 


Difference due 


After to fructose 

Additions 41 hr. addition 
None 0 
Fructose 0 0 
Boiled extract 6-3 
Boiled extract plus fructose 13-5 7-2 
Yeast nucleotide 0 
Yeast nucleotide plus fructose 5-6 5-6 
Pea nucleotide 0 
Pea nucleotide plus fructose 4:8 4:8 
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temperature. Good sedimentation was not ob- 
tained at lower speeds. The supernatant was dis- 
carded and the precipitate taken up in water (7 ml). 
and dialysed on the rocking apparatus as described 
above. Dialysis was continued for 2hr. at 4° 
against 300 ml. of 25 mm-phosphate buffer (pH 7), 
the phosphate buffer being renewed four times in 
this period. The final volume of the extract was 
approx. 12 ml. This procedure was used for most 
subsequent work and the preparation will be 
referred to as the ‘partially purified extract’. 

The short period of dialysis (2 hr.) was found to 
be preferable to a longer period. Dialysis for 
5-6 hr. sometimes gave inactive preparations. The 
(NH,),SO, precipitate, when suspended in water 
and used without dialysis, was inactive. The pre- 
paration synthesized sucrose from glucose 1- 
phosphate and fructose only in the presence of 
boiled extract (or equivalent cofactors) and Mg?+ 
ions. 

Replacement of boiled extract by nucleotide fractions 
prepared from yeast and peas. The hypothesis of 
Buchanan et al. (1952) that UDPG may be a pre- 
cursor of sucrose in Scenedesmus led to attempts to 
replace the boiled crude pea extract by nucleotide 
fractions which would contain UDPG. 

The initial steps of the method of Caputto, 
Leloir, Cardini & Paladini (1950) for the preparation 
of UDPG from yeast were followed. The nucleotides 
of baker’s yeast were extracted with hot ethanol and 
precipitated twice with mercuric acetate. The pre- 
cipitate was decomposed with H,S and filtered. 
This filtrate is termed the‘ yeast-nucleotide fraction’. 
A similar fraction was prepared from defatted pea 
powder. 

Both the yeast- and pea-nucleotide fractions 
stimulated sucrose synthesis by the partially 
purified enzyme system (Table 1). There was no 
formation of sucrose in the absence of the boiled pea 
extract or the nucleotide fractions. 


Studies on sucrose synthesis by the partially 
purified extract 


The formation of sucrose from glucose 1-phos- 
phate and fructose by the partially purified extract 
was described earlier (Turner, 1954). 

Effect of Mg?*+ ion concentration on sucrose syn- 
thesis. The system was inactive in the absence of 
added Mg**+ ions and reached maximum activity at 
approximately 10 mm-MgCl, (Fig. 1). 

Effect of concentration of yeast-nucleotide fraction 
on sucrose synthesis. An interesting effect was 


observed when the concentration of the yeast- 
nucleotide fraction was varied in the enzymic 
digests. With increasing concentration the rate of 
sucrose formation rose until an optimum was 
reached. Further increase of the yeast-nucleotide 
fraction considerably decreased the amount of 
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sucrose formed (Fig. 2). Increase of the yeast- 
nucleotide fraction accelerated the disappearance 
of fructose but a definite optimum concentration 
was not observed. 

Effect of substrate concentration on sucrose syn- 
thesis. The effect on sucrose synthesis of varying the 
concentrations of glucose 1-phosphate and fructose 
is shown in Fig. 3. The initial concentrations of 
glucose 1-phosphate and fructose were equal, and 
this concentration was varied in each reaction 
mixture. 

There was a marked optimum concentration of 
substrates at approx. 30 mm and further increase 
lowered the formation of sucrose. In a separate 
experiment in which the initial concentration of 
glucose 1-phosphate was 14-4 mm and fructose was 
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Sucrose (moles/ml.) 


0 5 15 


10 
MgCl, (mm) 
Fig. 1. Effect of MgCl, concentration on sucrose formation. 
The digest (total vol. 1 ml., pH 7) contained glucose 
1-phosphate, 13 mm; fructose, 22 mm; yeast-nucleotide 
fraction, 0-25 ml.; partially purified extract, 0-5 ml. 
Incubation period, 17 hr. 
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Fig. 2. Effect of addition of yeast-nucleotide fraction on 
sucrose formation and fructose loss. The digest (total vol. 
0-9 ml., pH 7) contained glucose 1-phosphate, 14-4 mm; 
fructose, 24-4mm; MgCl,, 10mm; partially purified 
extract, 0-5 ml. Incubation period, 17 hr. ©, Sucrose; 
@, fructose. 
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added to digests in concentrations from 27-5 to 
110 mM, there was no significant change in the 
amount of sucrose formed. The depressing effect of 
higher concentration of substrates on sucrose 
formation may therefore be due to the increase of 
glucose 1-phosphate rather than of fructose. 

Effect of inhibitors on sucrose synthesis. The effects 
of several inhibitors on the formation of sucrose 
from glucose 1l-phosphate and fructose by the 
partially purified extract are listed in Table 2. 
Both fluoride and iodoacetate completely inhibited 
sucrose formation. 

Cofactor requirement for sucrose synthesis. The 
quantity of UDPG present in the yeast nucleotide 
fraction was insufficient to account for the sucrose 
synthesis in enzyme digests if it were assumed that 
the glucose moiety in the sucrose produced was 
provided by preformed UDPG. The yeast-nucleo- 
tide fraction was heated in 0-01 N-HCl for 5 min. at 
100°, a treatment which splits the glucose from 
UDPG (Caputto et al. 1950). Examination of the 
hydrolysed material on a paper chromatogram 
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Fig. 3. Effect of substrate concentration on sucrose forma- 
tion. The digest (total vol. 0-9 ml., pH 7) contained 
MgCl,, 10mm; yeast-nucleotide fraction, 0-1 ml.; 
partially purified extract, 0-5 ml. Glucose 1-phosphate 
and fructose were added in the concentrations shown. 
Incubation period, 18 hr. 


Table 2. Effects of inhibitors on sucrose synthesis 


The digest (total vol. 0-9 ml., pH 7) contained glucose 
1-phosphate, 14-4 mm; fructose, 24-4 mm; MgCl,, 10 mm; 
yeast-nucleotide fraction, 0-lml.; partially purified 
extract, 0-5 ml. Time of incubation, 18 hr. 


Final conen. Inhibition 
Inhibitor (mM) (%) 
Todoacetate 0-1 100 
Fluoride 6-5 100 
2:4-Dinitrophenol 0-1 0 


2:4-Dinitrophenol 1 27 
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showed only an extremely small amount of glucose. 
Hydrolysis in N-HCl for 15min. at 100° (UDPG 
contains one acid-labile phosphate group) produced 
only a trace of inorganic phosphate. 

It was also observed that treatment of the yeast- 
nucleotide fraction for 5 min. at 100° with 0-01N- 
HCI or with 0-01 N-NaOH (conditions which lead to 
the destruction of UDPG, Caputto et al. 1950) failed 
to destroy the coenzyme activity of this fraction in 
the sucrose synthesis. 

The formation of sucrose was therefore not de- 
pendent on the presence of UDPG as such in the 
yeast-nucleotide fraction. 

Effects of diphosphopyridine nucleotide, adenosine 
triphosphate and uridine monophosphate. Considera- 
tion of the results of the experiments previously 
described indicated that a glycolytic system might 
have been operating in the enzymic digests during 
sucrose synthesis. The digests produced considerable 
amounts of CO,. A glycolytic system would require 
the presence of DPN as a cofactor. 

The ability of the yeast-nucleotide fraction to 
promote sucrose synthesis was completely destroyed 
by heating for 10 min. in n-HCl at 100°. Heating 
with 0-1N-HCl under the same conditions caused 
70% destruction of the cofactor activity. Euler, 
Schlenk, Heiwinkel & Hégberg (1938) have shown 
that the oxidized form of DPN is approx. 63% 
destroyed in 10 min. in 0-1N-HCl at 100°. 

Preliminary experiments indicated that DPN was 
a cofactor in sucrose formation from glucose 1- 
phosphate and fructose by the partially purified 
extract. If a glycolytic system were operating in 
digests synthesizing sucrose it would be expected 
that adenosine phosphates would be required. 
Accordingly, the effect of the addition of ATP was 
studied. UMP was also added. 

UMP and ATP did not induce sucrose formation 
in the absence of DPN (Table 3). When DPN was 
present, both of these substances, especially UMP, 


Table 3. Effects of diphosphopyridine nucleotide, 
uridine monophosphate and adenosine triphosphate 
on sucrose synthesis 


The digest (total vol. 0-9 ml., pH 7) contained glucose 
1-phosphate, 14-4 mm; fructose, 24-4 mm; MgCl,, 10 mu; 
partially purified extract, 0-5 ml. Additions were DPN, 
0-2 mg.; UMP, 64um; ATP, 34um. Time of incubation, 
19 hr. 


Sucrose 
Additions (umoles/ml. of digest) 
None 0 
UMP 0 
ATP 0 
DPN 3:8 
DPN +UMP 5-2 
DPN + ATP 4-2 
DPN + ATP + UMP 5-4 
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gave greater sucrose synthesis than that given by 
DPN alone. 

Some properties of a sample of synthetic sucrose. 
As neither the partially purified extract nor the 
yeast-nucleotide fraction contained sucrose it was 
possible to prepare a synthetic sample of this sugar. 

A digest containing 14-4 mm-glucose 1-phosphate, 
24-4 mno-fructose, 10 mm-MgCl,, 1 ml. of yeast- 
nucleotide fraction and 5 ml. of partially purified 
extract (total vol. 9 ml.) was incubated at 25°. 
After 40 hr. ethanol was added to give a final con- 
centration of 75%; the mixture was centrifuged 
and the supernatant evaporated to a small volume 
under reduced pressure. The extract was applied as 
‘streaks’ to Whatman no. 3 papers which had been 
chromatographically washed with acetic acid- 
aq. NH, soln._water. The chromatograms were 
developed for 40hr. in butanol—ethanol—water 
(10:1:2, by vol.). The area containing sucrose was 
soaked in water and the extract taken to dryness in 
vacuo at 0°. 

The synthetic sample and an authentic sample of 
sucrose were examined on paper chromatograms 
with the following four solvents: propanol—water- 
aq. NH; soln. (16:3:1, by vol.), butanol—ethanol- 
water (10:1:2, by vol.), ethyl acetate—propanol- 
water (57:13:32, by vol.) and butanol—acetic acid- 
water (4:1:5, by vol.). Both the synthetic and 
authentic samples travelled identical distances in 
all four cases. 

Synthetic sucrose was heated at 100° for 4 min. in 
0-025N-HCl. When this hydrolysed product was 
applied to paper chromatograms and developed 
with each of the four solvents previously mentioned 
it was observed that sucrose had disappeared and 
two products, which moved the same distance as 
glucose and fructose, had been formed. These 
substances gave the characteristic reactions of 
glucose and fructose when sprayed with benzidine 
and naphtharesorcinol. Fehling’s solution was not 
reduced by the synthetic sucrose but was readily 
reduced by the hydrolysis products. 


DISCUSSION 


There is evidence (Turner, 1954) that a glycolytic 
system was operating during the formation of 
sucrose by digests containing the partially purified 
extract. As the enzyme digests showed no significant 
oxygen uptake it may be concluded that oxidative 
metabolism was not proceeding to a significant 
extent. 

As sucrose synthesis is dependent on the presence 
of diphosphopyridine nucleotide and is stimulated 
by the addition of adenosine phosphates it may be 
assumed that the glycolytic system, and therefore 
probably phosphorylation, plays some part in the 
formation of the disaccharide. This may indicate 
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that glucose 1-phosphate or fructose, or both these 
substances, are involved in a phosphorylation 
before the formation of sucrose. 

Uridine derivatives may be involved in sucrose 
synthesis by pea extracts. The yeast-nucleotide 
fraction, which gave stimulation of sucrose forma- 
tion with the partially purified extract, contained 
relatively large amounts of uridine compounds. 
Stimulation was also given by uridine monophos- 
phate. These observations are consistent with the 
hypothesis of Buchanan e¢ al. (1952), that UDPG 
may act as glucose donor in sucrose formation in 
plants. The operation of a glycolytic system during 
the synthesis of sucrose by the pea extracts would 
make possible the formation of uridine triphos- 
phate (UTP) by phosphopyruvate kinase (Korn- 
berg, 1951) or by the transphosphorylation from 
ATP (Berg & Joklik, 1953) formed during glyco- 
lysis. There was insufficient preformed UDPG or 
ATP in the enzyme digests to account for the 
sucrose formed. UDPG may be formed from UTP 
and glucose 1-phosphate (Munch-Petersen, Kalckar, 
Cutolo & Smith, 1953). 

There is no evidence in the present work to 
support the hypothesis of Buchanan e¢ al. (1952) 
that UDPG reacts with fructose 1-phosphate to 
give a sucrose phosphate. The addition of the free 
fructose to the enzyme digests was necessary for 
sucrose synthesis; there was no formation of sucrose 
when fructose was replaced by fructose 1-phosphate, 
fructose 6-phosphate or fructose 1:6-diphosphate 
(Turner, 1954). It is concluded that if UDPG is the 
precursor which denotes a glycosyl group for 
sucrose formation then the acceptor in the pea 
extracts is fructose and not a phosphoric ester of 
this sugar. This is in agreement with the results of 
Leloir & Cardini (1953) and Cardini, Leloir & 
Chiriboga (1955) who prepared enzymes from plants 
which formed sucrose from UDPG and fructose. 

A number of reports have been published in which 
M4C-labelled sugars have been supplied as substrates 
to intact plant tissues and the labelling of the 
sucrose formed and the other free sugars present 
has been studied. Putman & Hassid (1954) in- 
filtrated disks from leaves of Canna indica with 
labelled sugars and concluded that free fructose 
was not an immediate precursor in sucrose forma- 
tion. Vittorio, Krotkov & Reed (1954) and Porter & 
May (1955) used tobacco leaves and reached the 
same conclusion. Leloir & Cardini (1955) have 
reported the presence in wheat germ of an enzyme 
which catalyses the reaction 


UDPG + fructose 6-phosphate = 
sucrose phosphate + UDP. 


Phosphatase may then act on the sucrose phosphate 
so formed to yield free sucrose. This mechanism may 
also operate in leaves. However, as pointed out by 
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Edelman, Ginsburg & Hassid (1955) and by Leloir & 
Cardini (1955), the experiments with intact leaves 
do not eliminate the possibility that free fructose 
may be rapidly formed and utilized at the site of 
sucrose synthesis. It is worthy of note that Cardini 
et al. (1955) have found the enzyme catalysing the 
reaction between UDPG and fructose in a wide 
variety of plant tissues. 


SUMMARY 


1. An extract from pea seeds which formed 
sucrose from glucose 1-phosphate and fructose was 
partially purified by precipitation with ammonium 
sulphate and dialysis against phosphate buffer. The 
addition of a boiled crude pea extract was necessary 
to restore activity to the partially purified extract. 

2. The boiled crude pea extract could be re- 
placed by nucleotide fractions prepared from peas or 
yeast. Magnesium ions were essential for the 
synthesis. 

3. The effects of concentration of Mg?+ 
yeast-nucleotide fraction and substrates on sucrose 
synthesis were studied. 

4. The nucleotide fractions could be replaced by 
a mixture of diphosphopyridine nucleotide, uridine 
monophosphate and adenosine triphosphate. 

5. A sample of synthetic sucrose was prepared 
and some of its properties were studied. 

6. The experimental evidence is consistent with 
the synthesis of sucrose by means of a reaction 
between uridine diphosphate glucose and fructose. 


ions, 


The author wishes to express his indebtedness to Dr L. W. 
Mapson, Professor C. S. Hanes, F.R.S. (who suggested the 
study of sucrose synthesis), Dr J. Barker, F.R.S., Professor 
G. E. Briggs, F.R.S., and Dr F. A. Isherwood for their 
advice and interest. Financial assistance was provided 
initially by the Australian Commonwealth Scientific and 
Industrial Research Organization, and the investigation was 
continued during the tenure of a Broodbank Fellowship of 
the University of Cambridge. Support from these sources is 
gratefully acknowledged. 


REFERENCES 


Allen, R. J. L. (1940). Biochem. J. 34, 858. 

Bacon, J. 8. D. & Edelman, J. (1951). Biochem. J. 48, 114. 

Berg, P. & Joklik, W. K. (1953). Nature, Lond., 172, 1008. 

Bryson, J. L. & Mitchell, T. J. (1951). Nature, Lond., 167, 
864. 

Buchanan, J. G., Bassham, J. A., Benson, A. A., Bradley, 
D. F., Calvin, M., Daus, L. L., Goodman, M., Hayes, 
P. M., Lynch, V. H., Norris, L. T. & Wilson, A. T. (1952). 
Phosphorus Metabolism, vol. 2, p. 440. Ed. by McElroy, 
W. D. & Glass, B. Baltimore: Johns Hopkins Press. 

Calvin, M. & Benson, A. A. (1949). Science, 109, 140. 

Caputto, R., Leloir, L. F., Cardini, C. E. & Paladini, A. C. 


(1950). J. biol. Chem. 184, 333. 
Cardini, C. E., Leloir, L. F. & Chiriboga, J. (1955). J. biol. 
Chem. 214, 149. 








456 J. F. TURNER 


Cole, S. W., Hanes, C. 8., Jackson, H. A. F. & Loughman, 
B. C., quoted by Bell, D. J. (1955). In Modern Methods of 
Plant Analysis, vol. 2, p. 1. Ed. by Paech, K. & Tracey, 
M. V. Berlin, Géttingen, Heidelberg: Springer-Verlag. 

Edelman, J., Ginsburg, V. & Hassid, W. Z. (1955). J. biol. 
Chem. 213, 843. 

Euler, H. von, Schlenk, F., Heiwinkel, H. & Hégberg, B. 
(1938). Hoppe-Seyl. Z. 256, 208. 

Kornberg, A. (1951). Phosphorus Metabolism, vol. 1, p. 392. 
Ed. by McElroy, W. D. & Glass, B. Baltimore: Johns 
Hopkins Press. 

Leloir, L. F. & Cardini, C. E. (1953). J. Amer. chem. Soc. 75, 
6084. 

Leloir, L. F. & Cardini, C. E. (1955). J. biol. Chem. 214, 


157. 


Leonard, O. A. (1939). Amer. J. Bot. 26, 475. 

Munch-Petersen, A., Kalckar, H. M., Cutolo, E. & Smith, 
E. E. B. (1953). Nature, Lond., 172, 1036. 

Nelson, J. M. & Auchincloss, R. (1933). J. Amer. chem. Soc. 
55, 3769. 

Nurmia, N. (1935). Ann. Acad. Sci. fenn. A, 44, no. 8. 

Porter, H. K. & May, L. H. (1955). J. exp. Bot. 6, 43. 

Putman, E. W. & Hassid, W. Z. (1954). J. biol. Chem. 207, 
885. 

Trevelyan, W. E., Procter, D. P. & Harrison, J. 8. (1950). 
Nature, Lond., 166, 444. 

Turner, J. F. (1953). Nature, Lond., 172, 1149. 

Turner, J. F. (1954). Nature, Lond., 174, 692. 

Vittorio, P. V., Krotkov, G. & Reed, G. B. (1954). Canad. J. 
Bot. 32, 369. 


Formation of 3-Hydroxybutan-2-one and Butane-2:3-diol by 
Pig-heart Preparations and its Relationship to Oxidation of Pyruvate 


By J. DAWSON, R. P. HULLIN ann MARJORIE WALKER 
Department of Biochemistry, University of Leeds 


(Received 21 November 1956) 


3-Hydroxybutan-2-one (acetoin) appears in mam- 
malian systems, plants and yeasts to be formed by 
a similar mechanism. Pyruvate is decarboxylated 
to an active form of acetaldehyde, probably an acet- 
aldehyde—diphosphothiamine complex, [CH,*CHO}, 
which condenses with free acetaldehyde: 
CH,*CO*CO,H > CO,+[CH,*CHO] 
[CH,*CHO]+CH,*CHO — CH,*CO*CH(OH):CHs. 
All the evidence suggests that only pyruvic oxidase 
is required for the condensation (Berg & Westerfeld, 
1944; Juni, 1952; Singer & Pensky, 1952; Langen- 
beck & Faust, 1953). 

This mechanism differs from the one most 
commonly observed in bacteria, i.e. formation of a 
complex followed by condensation with pyruvate to 
form «-acetyl-lactate, which is then decarboxylated 
to acetoin (Slade & Werkman, 1943; Krampitz, 
1948; Strecker & Ochoa, 1954): 

CH,*CHO + CH,*CO-CO,H > 
CH,*CO*C(OH) (CO,H)*CH, > 
CH,*CO*CH(OH)-CH, + CO,. 

Decarboxylation of pyruvic acid is common to 
both systems and also to the system concerned with 
acetyl-coenzyme A (acetyl-CoA) formation. The 
main difference between the three systems is the 
acceptor for the activated acetaldehyde produced. 
In bacterial production of acetoin pyruvic acid is 
the acceptor, with the intermediate production of 
«-acetyl-lactic acid; in plants, yeasts and mammals 
the acceptor is free acetaldehyde, and for formation 
of acetyl-CoA «-lipoic acid acts as an intermediate 
acceptor (Schweet & Cheslock, 1952; Stotz, 1954). 


Formation of activated acetaldehyde from 
pyruvate probably occurs in the same manner in aii 
organisms, though its further metabolism is in- 
fluenced by the availability of other enzymes and 
cofactors. This was demonstrated by Stern, 
Shapiro, Stadtman & Ochoa (1951) and by Korkes, 
del Campillo, Gunsalus & Ochoa (1951), who showed 
that pyruvic oxidases from mammalian and 
bacterial sources were interchangeable. The former 
workers discovered that soluble enzyme prepara- 
tions from Escherichia coli and Streptococcus faecalis 
in the presence of diphosphopyridine nucleotide 
(DPN) catalysed the reaction: 


2 Pyruvate + phosphate > 
lactate + acetyl phosphate +CO,. (1) 


In the presence of bacterial phosphotransacetylase 
and coenzyme A (CoA) the following reaction 
occurred: 
Acetyl phosphate + CoA > 
acetyl-CoA + phosphate. (2) 


In the absence of phosphate these reactions could 
not occur, but, if phosphate and bacterial phospho- 
transacetylase were replaced by oxaloacetate and 
mammalian condensing enzyme, reaction (3) 
occurred : 


2 Pyruvate + oxaloacetate > 
citrate +CO,+ lactate. (3) 


Korkes e¢ al. (1951) prepared an enzyme from pig- 
heart muscle which, supplied with the appropriate 
cofactors, would synthesize citrate from pyruvate 
and oxaloacetate in the presence of condensing 
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enzyme (also prepared from pig heart). If oxalo- 
acetate and condensing enzyme were replaced by 
phosphate and bacterial transacetylase, then acetyl 
phosphate was produced, as in bacterial systems. 

In the work with pig-heart enzyme and bacterial 
phosphotransacetylase, yields of acetate and lactate 
were slightly less than the theoretical. The authors 
suggested that the slight excess of pyruvate utiliza- 
tion might be due to formation of acetoin, although 
this substance was not estimated. With the com- 
plete animal system it was not possible to estimate 
utilization owing to the interference caused by 
oxaloacetate, but it was possible that formation of 
acetoin might occur there also. A similar prepara- 
tion was therefore made and its acetoin-forming 
ability was investigated. 

The method of extraction used by Korkes et al. 
(1951) was modified slightly and yielded a prepara- 
tion which produced acetoin with pyruvate as 
substrate. This was investigated under various 
conditions in order to elucidate the relative im- 
portance of various factors concerned in production 
of acetoin in mammalian systems. 


METHODS 


Production of carbon dioxide was estimated by the Warburg 
manometric technique described by Dixon (1934), pyruvic 
acid by the method of Friedemann & Haugen (1943), 3- 
hydroxybutan-2-one (acetoin) and butane-2:3-diol by the 
method of Happold & Spencer (1952); acetic acid was 
estimated by a modification of the method of McLendon 
(1944), with the apparatus described by Markham (1942) 
and removal of pyruvate interference as suggested by Weil- 
Malherbe (1937); citric acid was estimated by the method of 
Taylor (1953) and nitrogen by a micro-Kjeldahl method with 
the apparatus of Markham (1942). 

Lithium pyruvate was prepared by a method described 
by Wendel (1931), and condensing enzyme by the method of 
Ochoa, Stern & Schneider (1951). Lactic dehydrogenase 
and thioctic acid were obtained from L. Light and Co. Ltd., 
Colnbrook, Bucks. 

Preparation of acetoin-forming enzyme. Two fresh pig 
hearts stripped of fat and connective tissue were cooled to 
about 4° and minced in a coarse mincing machine. The mince 
was washed four times with ice-cold water, strained through 
white lint, separated into 80g. portions, frozen at - 18° 
and stored for a period not exceeding 5 weeks. 

The preparation of active enzyme extracts from the mince 
was carried out at 0-4° by the following procedure. Mince 
(80 g.) was partially thawed and homogenized with 280 ml. 
of 0-02m-potassium phosphate buffer, pH 7-0, for 6 min. 
The mixture was allowed to stand for 30 min., then centri- 
fuged at 2900 g for 20 min. The residue was extracted in the 
same way with 90 ml. of buffer. 

The combined supernatants were made 30% saturated 
with ammonium sulphate and allowed to stand for 20 min. 
After centrifuging at 2900 g the precipitate was taken up in 
20 ml. of 0-02m-potassium phosphate buffer, pH 7-0. After 
dialysis overnight against the same buffer, the solution was 
centrifuged to remove any precipitate and was then ready 
for immediate use. 
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Constitution of buffer solutions. Unless stated otherwise 
these were as follows: pH 6-2, 1-9 vol. of 0-2m-Na,HPO, + 
8-lvol. of 0-2mM-KH,PO,; pH7-4, 8-15 vol. of 0-2m- 
K,HPO, + 1-85 vol. of 0-2m-KH,PO,. 

General procedure. Enzyme solution, buffer, diphospho- 
thiamine and magnesium chloride were placed in a Warburg 
flask. Cofactors under investigation were added to the 
mixture in selected flasks. The substrate(s) were placed in 
a side arm and added after equilibration. When cofactors 
were added, the air in the flasks was replaced by N,. At 
pH 6-2 there was no retention of carbon dioxide in the 
course of the experiment. At pH 7-4 retention occurred, so 
acid was tipped in from a second side arm to obtain cor- 
rected figures for production of carbon dioxide. The reaction 
was allowed to proceed for 1 hr. at 37°, then terminated by 
the addition of protein precipitants. 

The enzyme preparation, though far from pure, was 
fairly constant with regard to its ability to form acetoin. 
Assayed under standard conditions at pH 6-2 in the presence 
of 10umoles of lithium pyruvate, 100yg. of diphospho- 
thiamine and 4ymoles of magnesium chloride in a total 
volume of 4ml., a pyruvate:carbon dioxide:acetoin + 
butane-2:3-diol ratio of approx. 2:2:1 was obtained from 
several preparations. The 2 ml. of enzyme solution used in 
each Warburg flask contained approx. 2 mg. of nitrogen. 
The results obtained are means of duplicate or triplicate 
estimations. 

RESULTS 
The pH-activity curve of the enzyme preparation is 
shown in Fig. 1. As this study was concerned with 
the relationship of the formation of 3-hydroxybutan- 
2-one (acetoin) and of citrate by this preparation it 
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Fig. 1. Activity-pH curve for production of acetoin from 
pyruvic acid. The conditions were as described in the 
text. 
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Table 1. 


Effect of pH and concentration of Na* and K* ions on production of acetoin and butane-2:3-diol 


Enzyme (2 ml.), 4moles of MgCl,, 100 wg. of diphosphothiamine, 50 zmoles of lithium pyruvate and 1-2 ml. of 0-2m- 
phosphate buffer were incubated at 37° in air. Results are expressed as pmoles/mg. of nitrogen/hr. 


Na/K 

Carbon dioxide produced 

Pyruvate utilized 

Acetoin and butane-2:3-diol produced 


oO = = 
co oO wr 


° 
+ 


(Hmoles/mg. of nitrogen/hr.) 
Oo 
oa 


4 
nN 


Acetoin and butane-2:3-diol produced 


0 5 10 15 20 25 30 
Pyruvic acid (zmoles) 


Fig. 2. Production of acetoin and butane-2:3-diol from 
pyruvic acid at pH 6-2. The conditions were as described 


in the text. 


Table 2. 


production of acetoin and butane-2:3-diol from a 


Effect of concentration of acetaldehyde on 


constant amount of pyruvic acid 


Enzyme (2 ml.), 4moles of MgCl,, 100g. of diphos- 
phothiamine, 10 umoles of lithium pyruvate, 200 umoles of 
phosphate buffer, pH 6-2, and varying amounts of acetalde- 
hyde were incubated at 37° in air. 


Amounts produced 
(umoles/mg. of nitrogen/hr.) 
Acetalde- : ae ; 





i = » _ 

hyde Carbon 

(umoles) Acetoin Butane-2:3-diol dioxide 
0 0 0-40 0-50 
25 0-45 0-90 1-10 
50 0-75 1-65 1-70 
75 1-5é 1-70 2-60 
100 1-70 2-10 3°05 
125 1-50 2-00 2-90 
150 1-65 2-00 3-50 
75 2-35 1-05 4-05 
200 2-30 0-55 3°40 


was important to determine factors which would 
increase the yield of acetoin at pH 7-4, which is the 
optimum pH for formation of citrate. Alterations 


pH 6-2 pH 7-4 
aa — ae nen, 
0-5 8-8 0-5 8-8 
1-00 0-85 0-65 0-35 
1-20 1-05 1-00 0-75 
0-50 0-45 0°35 0-25 


in the sodium:potassium ratio were made _ by 
using potassium chloride to increase the concentra- 
tion of potassium in the buffers with asodium : potas- 
sium ratio of 8-8. Table 1 demonstrates the effect of 
changing the ionic ratio at a pH of 6-2 and 7-4. Mean 
values are given. At pH 6-2 a change in the sodium: 
potassium ratio had no significant effect on pro- 
duction of acetoin and butane-2:3-diol. At pH 7-4, 
the production of these compounds was increased 
at the lower sodium: potassium (t= 6-5, 
P<0-001). In subsequent investigations at pH 7-4 


ratio 


a potassium buffer was used. 

The effect of increasing pyruvate concentration 
on the production of acetoin and butane-2:3-diol is 
shown in Fig. 2. 

The K 
and butane-2:3-diol with pyruvate as substrate was 
0-62 x 10-°m. 

A mixture of acetaldehyde and pyruvate was also 


of the enzyme for production of acetoin 


m 


a good substrate for the enzyme. In Table 2 results 
are given for production of acetoin and butane- 
2:3-diol at pH 6-2 from 10 »moles of pyruvate and 
varying quantities of acetaldehyde. The K,, of the 
production of acetoin and butane-2:3-diol for this 
system was 1-1 x 10-4M; a value of 3-4 x 10-4 was 
found by Juni (1952). 

The production of acetoin 
butane-2:3-diol in this experiment is equivalent to 
a disappearance of 95% of the pyruvic acid, 
assuming a pyruvic acid : (acetoin + butane-2:3-diol) 
ratio of 1; the mean carbon dioxide: (acetoin+ 
butane-2:3-diol) ratio was 0-78. This represents a 
reduced production of carbon dioxide for the 


maximum and 


amount of acetoin and butane-2:3-diol produced. 
At pH 7-4, with 10 pmoles of pyruvic acid + 100 p- 
acetaldehyde the enzyme _ produced 
4-04 pmoles of acetoin and butane-2:3-diol/mg. of 
nitrogen/hr. Thus, while pH has a marked effect on 


moles of 


the production of these compounds from pyruvate 
as sole substrate, it has no significant effect when 
free acetaldehyde is added to the reaction mixture. 

A different effect is observed if the acetaldehyde 
constant and _ increasing 
amounts of pyruvate are added. This is illustrated 


concentration is kept 
in Table 3, which gives the production of acetoin 
and butane-2:3-diol from 20 pmoles of acetaldehyde 
and varying amounts of pyruvate at pH 6-2. 
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The CO,/acetoin + butane-2:3-diol 
when the substrate was a mixture of pyruvate and 
acetaldehyde 0-33, indicating a marked 
decrease in production of carbon dioxide, which is 
much lower than when the acetaldehyde concentra- 
tion was varied with a constant amount (10 zmoles) 
of pyruvate present. In addition, the production of 
acetoin and butane-2:3-diol was inhibited as the 
concentration of pyruvic acid increased. If it is 
assumed that the production of carbon dioxide is an 
index of the production of acetoin and butane-2:3- 
diol due to formation of ‘active acetaldehyde’ by 
decarboxylation of pyruvate, then in the range 
10-50 pmoles of pyruvate a mean production of 
1:43 pmoles of acetoin and butane-2:3-diol/mg. of 
nitrogen/hr. is due to some other mechanism. Only 


mean ratio 


was 


a concentration of pyruvate of 5 umoles gave rise to 
carbon dioxide and production of acetoin and 
butane-2:3-diol consistent with the hypothesis that 
pyruvate is decarboxylated to give ‘active acetalde- 
hyde’, which then condenses with free acetaldehyde 
to give acetoin. At higher concentrations of 
pyruvate other also 
operate. 

Table 4 demonstrates that oxaloacetate can be 
used instead of pyruvate as substrate; 30 pmoles of 


some mechanism must 


oxaloacetate were used in each case and the concen- 
tration of acetaldehyde was varied as shown. 
Oxaloacetate acts by decarboxylation to give 
pyruvate, which is further decarboxylated to give 
‘active acetaldehyde’. 

Juni & Heym (1956) demonstrated that, when the 
substrate was pyruvate alone, vigorous aeration of 
the reaction mixture with nitrogen would remove 
free acetaldehyde and decrease the production of 
acetoin. The use of dimedone as an aldehyde- 
trapping reagent in the reaction mixture might be 
expected to yield similar results. Table 5 demon- 
strates the effects observed. 

Dimedone has a stimulating effect on the pro- 
duction of acetoin and _ butane-2:3-diol from 
pyruvate. In the presence of acetaldehyde there 
is no evidence of any inhibitory effect; thus if 
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dimedone does trap the acetaldehyde under these 
conditions, it is still available for participation 
in the reactions producing acetoin and butane- 
2:3-diol. 


Table 3. Effect of concentration of pyruvate on 
production of acetoin and butane-2:3-diol with a 
constant acetaldehyde level 


Enzyme (2ml.), 4umoles of magnesium chloride, 
100 ng. of diphosphothiamine, 20 pmoles of acetaldehyde, 
200umoles of phosphate buffer, pH 6-2 and varying 


amounts of lithium pyruvate were incubated at 37° in air. 


Amounts produced 
(umoles/mg. of nitrogen/hr.) 


’ 


Carbon 


Pyruvate 
(umoles) Acetoin Butane-2:3-diol dioxide 
0 0-02 0-05 0 
5 0-65 1-65 2-20 
10 0-65 1-80 1-30 
15 0-65 1-40 0-50 
20 0-60 1-50 0-45 
25 0-55 1-30 0-25 
30 0-40 1-05 0-10 
40 0-35 1-15 0-05 
50 0-35 1-15 0-60 
75 0-40 1-05 0-35 


Table 4. Oxaloacetic acid as a substrate for formation 
of acetoin and butane-2:3-diol 


Enzyme (2ml.), 4ymoles of magnesium chloride, 
100g. of diphosphothiamine, 30umoles of oxaloacetic 
acid, 200 umoles of phosphate buffer, pH 6-2, and varying 
amounts of acetaldehyde were incubated at 37° in air. 


Amounts produced 
(umoles/mg. of nitrogen/hr.) 
Acetaldehyde ee 
Acetoin 


Butane-2:: -diol 


(umoles) 
0 0°35 0-45 
20 0-75 1-70 
40 1-70 2-35 
60 1-40 2-65 
90 1-60 3-70 


Table 5. Effect of dimedone on production of acetoin and butane-2:3-diol from pyruvic acid 


Reaction mixture: 2 ml. of enzyme, 4 moles of magnesium chloride, 100 pg. of diphosphothiamine, lithium pyruvate 
(10 umoles), acetaldehyde (10 zmoles) and dimedone (1-5 ml. of 0-7 % in 0-2M-phosphate buffer, pH 6-2) were added where 


indicated. The mixture was incubated in air at 37°. 


(umoles/mg. of nitrogen/hr.) 
Cc eset — —— 
Acetoin and 
butane-2:3-diol 


Substrate 


Pyruvate 

Pyruvate + dimedone 

Pyruvate + acetaldehyde 

Pyruvate + dimedone + acetaldehyde 
Acetaldehyde + dimedone 





Amounts produced 


Carbon dioxide 


aw ~ 


Acetoin and 


Carbon dioxide butane-2:3-diol 


0-30 0-65 2-1 
0-65 1-37 2-0 
1-30 — — 
1-65 1-06 0-7 
0-15 — = 
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Investigation of the effects of cofactors required for 
production of citrate on the production of acetoin 
and butane-2:3-diol from pyruvate 


Although Mg** ions were essential for the produc- 
tion of acetoin and butane-2:3-diol from pyruvic 
acid, increasing the amount of Mg?+ ions above 
2 zmoles did not affect the yields. 

The effects of increasing the concentration of 
Mg?* and Mn?* ions on production of acetoin and 
butane-2:3-diol from a mixture of pyruvate and 
acetaldehyde are indicated in Table 6. 

Increasing the concentration of Mg?+ ions in- 
creased the production of acetoin and butane-2:3- 
diol. Mn?* ions in smaller concentration produced 
the same effect when added to a basal level of Mg?+ 
ions. There is, however, an excess of production of 
acetoin and butane-2:3-diol above that which 
would be expected from the values of pyruvate 
utilization. In part the stimulatory effect of Mn?+ 
ions involves this excess of production. 

Other cofactors which were tested either separ- 
ately or together were diphosphopyridine nucleotide 
(DPN), lactic dehydrogenase, coenzyme A, cysteine 
and condensing enzyme. These were without effect 
on the production of acetoin and butane-2:3-diol. 
From citrate estimations it was clear that our 
enzyme preparation contained optimum amounts of 
condensing enzyme and also sufficient coenzyme A. 

Table 7 presents the results obtained by using as 
substrate a mixture of 10 umoles of pyruvate and 
100 pmoles of acetaldehyde with the addition of all 
the cofactors listed above, and, in some cases, 
oxaloacetate. 

The stimulating effect of oxaloacetate on the 
production of acetoin and butane-2:3-diol is con- 
sidered to be due to its increasing the effective con- 
centration of pyruvate and the stimulating effect of 
the cofactor addition is attributed to the concen- 
tration of manganese. The addition of cofactors not 
only led to the production of citrate but also caused 
an increase in the production of acetoin and butane- 
2:3-diol. 

Thioctic acid might be present in our enzyme 
system in suboptimum amounts, although a similar 
enzyme produced by Korkes et al. (1951) had 
optimum amounts. By the use of pyruvate 
(50 pmoles), oxaloacetate (30 zmoles) and cofactor 
additions as in Table 7, the effect of thioctic acid on 
production of acetoin and butane-2:3-diol and 
formation of citrate was investigated. Table 8 shows 
the results obtained. 

Thioctic acid markedly stimulated formation of 
citrate without appreciably altering the production 
of acetoin and butane-2:3-diol. 

When acetaldehyde (100 moles) was added to 
the reaction mixture in the presence of thioctic acid 
(100 yg.) the results shown in Table 9 were obtained. 


Table 6. Effect of Mg*+ and Mn?+ ions on production 
of acetoin and butane-2:3-diol from a mixture of 
pyruvic acid and acetaldehyde 


Enzyme (2ml., 2-02 mg. of nitrogen), 20umoles of 
lithium pyruvate, 100 umoles of acetaldehyde, 100 pmoles of 
phosphate buffer, pH 6-2, and varying amounts of mag- 
nesium chloride and manganous chloride incubated in air 
at 37°. 

Acetoin and 


Pyruvate butane-2:3-diol 
utilized produced 
Mg?+ Mn?+ (pmoles/hr:/ (umoles/hr./ 

(umoles) (pmoles) 2 ml. of enzyme) 2 ml. of enzyme) 

2 a 10-8 14-4 

4 — 12-6 16-1 

8 — 15-4 18-5 

12 —_— 17-4 21-4 

16 - 19-3 22:3 

20 —_— 19-3 24-4 

2 2 14-6 20-0 

2 4 15-2 20-7 

2 10 16-0 21-0 

2 20 16-5 20-9 
Table 7. Effect of concomitant production of citrate 


on formation of acetoin and butane-2:3-diol from 
pyruvate and acetaldehyde 


Enzyme (2 ml.), 10umoles of lithium pyruvate, 100p. 
moles of acetaldehyde, 100yg. of diphosphothiamine, 
2 umoles of magnesium chloride, 0-2M-potassium phosphate 
buffer, pH 7-4, in all flasks. Cofactor addition (where 
indicated): 2umoles of manganous chloride, 100yg. of 
DPN, 2400 units of lactic dehydrogenase, 100yg. of 
coenzyme A, 1-2 mg. of cysteine hydrochloride; 30 zmoles 
of oxaloacetic acid, where added. Incubated in nitrogen at 
37°. 

Acetoin and 
butane-2:3-diol 
produced 


Citrate 
produced 


Oxalo- (umoles/mg. of (ymoles/mg. of 
acetate Cofactors nitrogen/hr.) nitrogen/hr.) 
~ - 5-6 0 
+ = 9-1 0 
+ + 11-7 4-2 


Table 8. Effect of thioctic acid on production of 
citrate, acetoin and butane-2:3-diol from pyruvate 


Reaction mixture: enzyme (2 ml.), 50 umoles of lithium 
pyruvate, 30 zmoles of oxaloacetic acid, 100 yg. of diphos- 
phothiamine, 2ymoles of magnesium chloride, 0-2m- 
potassium phosphate buffer, pH 7-4; cofactor additions as 
in Table 8. Thioctic acid (100 ug.) was added where indi- 
cated. (A solution of thioctic acid was prepared by dis- 
solving 5 mg. in 0-5 ml. of acetone and 4-5 ml. of 0-2m- 
potassium phosphate buffer, pH 7-4.) Incubated in 
nitrogen at 37°. 

Amounts produced 
(umoles/mg. of nitrogen/hr.) 

Thioctic A — 

acid added Acetoin and 





(ug-) butane-2:3-diol Citrate Acetate 
—_— 1-35 2-85 0 
100 1-50 4-60 0-45 
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Acetaldehyde in these circumstances depressed 
the formation of citrate and markedly stimulated 
production of acetoin and butane-2:3-diol. 


DISCUSSION 


The main differences between our enzyme prepara- 
tion and that of Korkes e¢ al. (1951) are summarized 
in Table 10. Both preparations were able to produce 
acetoin and citrate under appropriate conditions. 
Further attempts at fractionation of the system by 
precipitation with ammonium sulphate, or at 
different pH values, did not produce an enzyme 
fraction which functioned in the formation only of 
acetoin and not of citrate. The conclusion, therefore, 
is that the same enzyme system is concerned in the 
decarboxylation of pyruvate for the formation of 
both citrate and acetoin. The different cofactor 
requirements are produced by different methods of 
preparation, and it is apparent that our preparation 
is less pure as it contains condensing enzyme. The 
observation that the pH optimum for formation of 
acetoin with pyruvate as sole substrate is different 
from that for production of citrate does not neces- 
sarily indicate that two different enzymes exist. In 
the presence of acetaldehyde variation in pH from 
6-2 to 7-4 did not result in a smaller production of 
acetoin and butane-2:3-diol, whereas in its absence 
a decrease occurred. It is therefore possible that the 
lower pH is concerned with the dissociation of the 





Table 9. Effect of acetaldehyde in presence of thioctic 
acid on citrate and production of acetoin and 
butane-2:3-diol from pyruvate 


Reaction mixture was the same as for Table 8. Thioctic 
acid was added to all flasks; 100 moles of acetaldehyde 
were added where indicated. Incubation was in nitrogen at 
37°. 

Amounts produced 
(umoles/mg. of nitrogen/hr.) 
A 





— 
Acetalde- Acetoin and 


hyde _ butane-2:3-diol Citrate Acetate 
- 1-15 1-35 0 
+ 7°85 0-75 0 
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acetaldehyde—diphosphothiamine complex to give 
free acetaldehyde. 

It is apparent that the main operative mechanism 
for production of acetoin in mammalian systems 
when acetaldehyde is present in excess is the con- 
densation of free acetaldehyde with acetaldehyde— 
diphosphothiamine complex. If, however, pyruvate 
is present in excess with a limited amount of acet- 
aldehyde, the main mechanism of production is 
different. The figures for production of carbon 
dioxide in this case appear to support the view that 
some compound which would react as acetoin in our 
method of estimation is produced without de- 
carboxylation of pyruvate. Juni & Heym (1956) 
have demonstrated the formation of «-acetyl-lactic 
acid by mammalian systems. In our system, in the 
presence of excess of pyruvate, it seems likely that 
a similar reaction occurs. «-Acetyl-lactate would 
react as acetoin in our method of estimation, but 
would not spontaneously undergo decarboxylation 
at pH 6-2 in the reaction vessel. Thus pyruvic acid 
can act as an acetaldehyde acceptor leading to the 
formation of «-acetyl-lactic acid. This does not occur 
to a significant extent if pyruvic acid is the sole 
substrate, but does in the presence of an excess of 
pyruvic acid relative to acetaldehyde. This is 
probably due to the formation from added acetalde- 
hyde of an acetaldehyde—diphosphothiamine com- 
plex, which then uses pyruvic acid as an acetalde- 
hyde acceptor. Oxaloacetate can also be utilized 
instead of pyruvate as a substrate for formation of 
acetoin. It will not, however, act as an acetaldehyde 
acceptor in the same way as pyruvate; thus the 
only mechanism operating is the double decarboxyl- 
ation of the oxaloacetate to give acetaldehyde— 
diphosphothiamine complex which can then con- 
dense with free acetaldehyde to yield acetoin. 

Attempts to remove any free acetaldehyde pro- 
duced in the reaction by the use of dimedone as a 
trapping agent failed. Dimedone exerted a stimu- 
lating effect on production of acetoin from pyruvate 
and from pyruvate + acetaldehyde. This may be a 
non-specific effect and the dimedone may not have 
condensed with the acetaldehyde, or the dimedone 


Table 10. Differences in preparation and composition between the enzyme preparation of 
Korkes et al. (1951) (A) and the preparation used in this study (B) 


Starting material 
Dispersion medium 
Saturation of ammonium sulphate (%) 


Added cofactor requirements for 
production of citrate 


Further purification 


Additional enzyme requirements for 
synthesis of citrate 


B 


A 
Fresh pig-heart Pig-heart muscle after 


muscle freezing and thawing 
0-2m-K,HPO, 0-02m-K,HPO, 
040 or 0-50 0-30 


Coenzyme A Thioctic acid 


Ethanol fractionation None 


Condensing enzyme None 
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may have trapped the acetaldehyde and in so doing 
activated it. Thus the condensation of acetaldehyde- 
diphosphothiamine complex and acetaldehyde— 
dimedone complex would readily occur. In this way 
the acetaldehyde-dimedone complex may be a 
better acetaldehyde acceptor than is free acetalde- 
hyde for condensation to acetoin. 

The effects of metal ions on the formation of 
acetoin can be divided into two groups. The effects 
of Na*+ and K* ions on the system were seen only 
with pyruvate as sole substrate and at a pH far 
removed from the optimum. This probably indi- 
cates that at pH 6-2 the concentration of H+ ion is 
the main factor in securing a dissociation of the 
acetaldehyde—diphosphothiamine complex, where- 
as, at a pH where this dissociation is diminished, 
increased concentrations of K* ion will produce a 
similar, but smaller, effect. The effect of Mg?+ and 
Mn?* ions is not maximum when pyruvate is the 
sole substrate. Although Mg?+ ions are essential for 
the reaction, the optimum concentration is low. If 
acetaldehyde was present in addition to pyruvate, 
the optimum concentration of Mg*+ ions was much 
higher. Magnesium ions are therefore essential not 
only for the decarboxylation of the pyruvate but 
also for the condensation reaction with free acetal- 
dehyde. Mn?* ions in very much smaller concentra- 
tion produced the same effect. In addition Mn?+ 
ions have a greater effect on the mechanism of the 
production of acetoin, which does not involve 
pyruvic acid. It is suggested that this mechanism is 
the condensation of acetaldehyde to yield acetoin. 
This is not a major mechanism of formation of 
acetoin but in the presence of 100 pmoles of acetal- 
dehyde and 2 pmoles of Mn?* ions it will account for 
25 % of the total production of acetoin. 

In the investigation of the competitive nature of 
acetoin and citrate production from a complete 
system containing CoA, DPN, lactic dehydrogenase, 
condensing enzyme, cysteine, Mg?+ and Mn?* ions, 
oxaloacetate and pyruvate as substrate, production 
of citrate was observed and the production of 
acetoin was greater than that found in the absence of 
added cofactors. This was due partly to the presence 
of oxaloacetate, which increased the effective con- 
centration of pyruvate, and partly to the presence of 
Mn?+ ions. The addition of thioctic acid, as ex- 
pected, stimulated production of citrate without 
affecting that of acetoin. In these circumstances 
there was no competition between the production of 
citrate and of acetoin. If, however, in the presence 
of optimum amounts of thioctic acid, acetaldehyde 
is added as an additional substrate, there is a 
diminution in the amount of citrate formed and a 
marked stimulation of acetoin formation. This not 
only changes the route of pyruvate dissimilation 
but also increases the total amount of pyruvate 
utilized. In a system not producing citrate Juni 


(1952) found that acetaldehyde would increase 
utilization of pyruvate. Acetaldehyde can there. 
fore compete with thioctic acid for the products of 
decarboxylation of pyruvate, and in so doing it 
markedly accelerates the rate at which pyruvate is 
metabolized. 

The main conclusions are therefore that four 
routes of formation of acetoin exist: (1) With 
pyruvate as sole substrate, condensation of acetal- 
dehyde-diphosphothiamine complex with acetal- 
dehyde liberated from the complex. (2) Condensa- 
tion of acetaldehyde—diphosphothiamine complex 
derived from pyruvate with added acetaldehyde. 
(3) Condensation of acetaldehyde—diphosphothi- 
amine complex with pyruvate to give «-acetolactic 
acid. (4) Condensation of acetaldehyde—diphospho- 
thiamine complex derived from acetaldehyde in the 
presence of Mn?+ ions with free acetaldehyde. 

Of these four routes (2) seems to be the most 
significant and it can act as a direct competitor with 
the pathway leading via acetyl] lipoate, acetyl-CoA 
and condensation with oxaloacetate to form citrate. 

The significance of these observations for varia- 
tions in the level of acetoin in human blood depends 
largely on the significance of acetaldehyde meta- 
bolism in man. Although the blood level of free 
acetaldehyde is about 50-100 yg./100 ml., the total 
amount of acetaldehyde which can be extracted 
from blood, mainly from acetaldehyde—protein 
complexes, is about 90 mg./100 ml. (Barker, 1941; 
Stotz, 1943). The problem of the metabolic re- 
activity of this large amount of acetaldehyde present 
in blood remains. 


SUMMARY 


1. Pyruvate and mixtures of pyruvate and 
acetaldehyde will both act as substrates for forma- 
tion of 3-hydroxybutan-2-one by the use of a pig- 
heart preparation capable of formation of citrate. 

2. The formation of a-acetyl-lactic acid by the 
system has been indicated in the presence of a large 
excess of pyruvic acid relative to acetaldehyde. 

3. Manganese (Mn?*+) ions stimulate the produc- 
tion of 3-hydroxybutan-4-one from acetaldehyde. 

4. Acetaldehyde and thioctic acid compete for 
the products of decarboxylation of pyruvic acid by 
this system. 

We thank Professor Frank C. Happold for his helpful 
advice and criticism and also the Medical Research Council 
for a grant supporting one of us (M. W.). 
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8-Glucuronidase Activity During the Early Development of 
Xenopus laevis Embryos 


By F. BILLETT 
Institute of Animal Genetics, University of Edinburgh 


(Received 21 February 1957) 


B-Glucuronidase has been associated with the pro- 
liferation of cells in normal and neoplastic tissue 
(Levvy, Kerr & Campbell, 1948; Fishman & Anylan, 
1947). Rapid cell divisions are characteristic of 
certain phases of embryonic development; it is 
therefore of some interest to study the behaviour of 
B-glucuronidase during the early development of 
embryos. The possible implication of steroids in the 
primary differentiation of the amphibian embryo 
(Waddington, Needham, Nowinski, Needham & 
Lemberg, 1934) adds interest to such a study, 
particularly in view of the suggestion of Fishman 
(1947) that B-glucuronidase may be connected with 
the metabolism of steroids in mammalian tissues. 
Apart from these special considerations, there is 
clearly a general need for more information on the 
behaviour of enzymes during early embryonic 
development. 

The South African clawed toad (Xenopus laevis) 
was chosen for this investigation because large 
numbers of fertile eggs can be obtained from these 
animals, at any time of the year, by injections of 
chorionic gonadotrophin. Initially a number of 
determinations showed that a small amount of p- 
glucuronidase activity was present in extracts of 
embryos, ranging from two-cell to newly hatched 
larvae. In this paper the results of a large number of 
determinations show that small, real variations of 
activity occur during the early stages of develop- 
ment. A preliminary account of this work has been 
given elsewhere (Billett, 1956). 


EXPERIMENTAL 

Fertilized eggs were obtained from the toads by injection of 
chorionic gonadotrophin. Egg capsules were removed by 
papain and thioglycollate (Spiegel, 1951). Approximately 
300 embryos of about the same stage were selected and 
divided into groups of about 60. After several washes in 
Holtfreter solution diluted ten times with water (Ham- 
burger, 1947) the embryos were allowed to develop, in the 
solution, at 18°. The development of the embryos was 
stopped at a known time by placing them in a deep-freeze at 
— 20°. Before freezing the embryos were grouped in stages 
according to the second column of Table 1. This staging is 
based on a description of the external appearance of the 
embryos at intervals of approx. 2 hr. at 18°. The stages 
chosen correspond fairly well with those of Nieuwkoop & 
Faber (1956). 

After 2-14days at — 20°,each sample was homogenized at 
about 5° in a small quantity of water and made up to 1 or 
2ml. An all-glass homogenizer of the Potter-Elvehjem 
type was used, operated by hand. The material was readily 
broken down during the course of 1 min. This operation was 
carried out at about 5°. Homogenates were stored in a 
refrigerator overnight and then centrifuged at about 
3000 g. The centrifuging resulted in a fractionation similar 
to that described by Panijel (1950). Residues were washed 
once by centrifuging in the original volume of water. The 
original supernatant, together with the washing from the 
residue, constituted the enzyme extract. Microscopic 
examination of the residue showed it to consist largely of 
intact yolk platelets. 

The B-glucuronidase activity of the extracts was deter- 
mined by a method previously described (Billett, 1954). 
This method is based on the colorimetric determination of 
8-hydroxyquinoline formed by the hydrolysis of its 
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glucosiduronic acid. Briefly, the assay was carried out as 
follows. Enzyme extract (0-5 ml., corresponding to six to 
eight embryos), 0-5 ml. of 0-005M-substrate in M-acetate 
buffer, pH 4-5, and 0-5 ml. of water (test) or 0-5 ml. of 
0-001 m-potassium hydrogen saccharate (control) were in- 
cubated together for 2 hr. at 25°. Thereaction was stopped by 
cooling in ice and adding trichloroacetic acid. The quinoline 
was determined by means of Ehrlich’sdiazo reagent. Assays 
were in duplicate. The optimum pH for enzyme activity in 
acetate buffer was found to be in the region of 4-5 for all 
stages. The activities of the extracts were expressed as pg. 


15 


0 1-0 


Wt. of 8-hydroxyquinoline 
liberated/embryo (/g.) 





0 50 100 150 200 
Time (min.) 
Fig. 1. B-Glucuronidase activity of extract of mid-cleavage 
embryos. O, with water (test); @, with 0-001M-potassium 
hydrogen saccharate (control). 
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of 8-hydroxyquinoline liberated/hr./g. dry wt. of the original 
material. The dry weight of the embryos was determined in 
two ways. Initially, a small amount (0-2-0-5 ml.) of the 
original homogenate from each embryonic stage from a 
single ovulation was dried to constant weight in a vacuum 
desiccator over P,O,. These determinations showed that no 
appreciable gain or loss in weight of the embryos occurred 
during the developmental period under investigation. In 
later experiments a batch of about thirty embryos of a 
known stage was taken as representative of all the embryos 
from a single ovulation. The dry weight of these was deter- 
mined as before. The results of the determinations of dry 
weight are given in Table 1. The number of determinations 
for each stage is given in parenthesis after the average value 
(in pg.) for the dry weight calculated for a single embryo. 
The two methods gave similar values. 

The activity of the extracts varied linearly over a concen- 
tration range corresponding to 4-20 embryos/ml. of 
homogenate. The amount of 8-hydroxyquinoline liber- 
ated was directly proportional to time over an incubation 
period of 4 hr. (Fig. 1). 

Estimations were made on embryos from twenty different 
ovulations, obtained from about twelve different pairs of 
toads. A large number of determinations were necessary 
because of the large variation in enzyme activity between 
embryos of the same stage from different ovulations. It was 
not possible to cover the whole range of early development 
with eggs from a single ovulation. Usually a maximum of 
six consecutive stages out of a desired seventeen could be 
obtained from a single ovulation. 


RESULTS 


The results are summarized in Table 1, in which the 
mean values of several determinations on embryos of 
the same stage from different ovulations are given. 
The individual values for each stage cover a wide 


Table 1. £-Glucuronidase activity of Xenopus embryos 


The number of determinations is indicated in parentheses. 


Activity (ug. of 
8-hydroxyquinoline/g./hr.) 


Percentage 
of total 


Age Average dry ——————_*~—_—__,_ activity in 
Embryonic (hr. at = wt./embryo Mean homogenate 
process Description of stage 18°) (ug-) value Range residues 
Cleavage Unfertilized 0 555 (1) 531 (4) 450-670 — 
2-4 cells 2-3 560 (1) 482 (3) 340-555 = 
8-16 cells 4-6 578 (1) 407 (3) 262-540 —_ 
Mid-cleavage 7-8 460 (2) 448 (3) 313-670 — 
Late cleavage 9-10 537 (1) 586 (4) 498-630 3 
Blastula 12 598 (2) 441 (3) 385-550 — 
Gastrulation Dorsal lip a small crescent 13-5 571 (3) 438 (10) 330-575 <l 
Dorsal lip complete and $ diam. 17 626 (2) 421 (5) 330-600 _ 
of embryo 
Dorsal lip 4 diam, of embryo 19 613 (2) 437 (7) 305-603 — 
Dorsal lip } diam. of embryo 21 — 441 (6) 350-550 — 
Yolk plug 24 552 (4) 407 (7) 232-600 <l 
Neurulation Beginning of neural plate 26 -- 351 (11) 210-465 <l 
Neural plate outlined 28 553 (5) 342 (4) 240-510 _— 
Neural folds forming 30 -— 391 (6) 300-570 _— 
Neural folds fusing in mid-dorsal 32 564 (2) 408 (5) 300-470 10 
line 
Neural folds completely fused 36 — 380 (2) 340-420 — 
Hatching 72 506 (1) 393 (3) 220-490 4 
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range. The large variation within a stage appears to 
be the result of two factors. In the first place there 
is an inherent variation in the biological material; 
embryos of the same age from different ovulations 
have different activities. The second contribution to 
the variation will come from the error involved in 
the determinations themselves. 

The variation inherent in the material is illus- 
trated in Fig. 2. In this figure mean values for 
stages corresponding to cleavage, gastrulation, 
neural-plate formation and neural-tube formation 
of embryos from the same ovulation are joined by 
straight lines. Data from seven ovulations are 
given. The variation of activity of embryos from 
different ovulations is obviously large; it appears to 
be of the same order of magnitude as that described 
by Cohen (1954) for the glycolytic activity of 
embryonic extracts of Rana pipiens. An estimate of 
the experimental error was made by analysing the 
results of replicate determinations. The analyses 
showed that the standard deviation for a single 
determination was about 100 units, corresponding 
to an error of 70 units for a duplicate determination, 
or to a coefficient of variation of about 15%. 
Although this error is large, it is considerably 
smaller than the inherent variation of the material. 

Analysis of the variation between stages does not 
reveal any significant change of enzyme activity 
during cleavage and gastrulation. The activity of 
the unfertilized egg appears to be more or less 
maintained during these early stages. The values 
obtained for the neural plates are, however, signifi- 
cantly lower than those for the preceding and the 
subsequent stages. The probability that this 
difference is duc to chance is less than 1 % (¢ test). 


600 ~4 


Qe 


200 


Wt. of 8-hydroxyquinoline 
liberated/hr./g. of tissue ( “g.) 


Neural Neural 


Cleavage Gastrulae 
plates folds 


Fig. 2. Comparison of £-glucuronidase activity of embryos 
from seven different ovulations. (Values for individual 
ovulations are joined by lines.) 


30 
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The activity of the extracts of neural plate appears 
to be some 30 % lower than that of extracts from the 
other stages. 

A small number of determinations were made on 
the residues obtained by centrifuging the homo- 
genates. These determinations indicated an activity 
of less than 5% of the total in most cases (final 
column of Table 1). 


DISCUSSION 


Investigations of regenerating liver and nerve 
(Levvy et al. 1948; Hollinger & Rossiter, 1952) 
suggest that £-glucuronidase is in some way related 
to the metabolism of proliferating cells. This idea is 
supported by data which indicate that in some 
cancerous tissue the £-glucuronidase level is raised 
compared with the normal homologous tissue 
(Fishman, 1950). More recently, however, it has 
been shown that £-glucuronidase activity increases 
during atrophy of lymphatic tissue (Pellegrino & 
Villani, 1956). Thus for vertebrate tissues enhanced 
B-glucuronidase activity cannot be specifically 
associated with cell proliferations, particularly 
when it is remembered that other enzymes show 
enhanced activity under similar conditions (Green- 
stein, 1947; Needham, 1952). The presence of large 
amounts of £-glucuronidase in the digestive glands 
and juices of certain molluscs and insects is also 
incompatible with any generalized hypothesis 
connecting f-glucuronidase with cell proliferation. 

The work which has been presented in this paper 
does not suggest any connexion between f-gluc- 
uronidase activity and rapidly dividing cells. During 
the early development of Xenopus embryos no 
dramatic increase in the activity of this enzyme 
appears to occur, although rapid cell cleavage is 
manifestly a feature of this development. The only 
marked change to occur is an undeniable fall in 
activity when the neural plate is formed. This fall 
in activity corresponds to a period which marks the 
onset of differentiation in the amphibian embryo. 
At this time various physiological changes are 
known or suspected to occur. Glycogenase activity 
appears to decrease in certain amphibian embryos at 
about this time (Barnes, 1939). It appears to be well 
established that the glycogen content of such 
embryos decreases during gastrulation (Jaeger, 
1945). It has also been suggested that tissues which 
become invaginated at about this time will neces- 
sarily tend to have an anaerobic metabolism (Barth, 
1942). It is difficult to imagine how such changes 
could be related to a fall in B-glucuronidase activity 
or to variations in the activity of nucleases shown to 
occur during the development of Rana pipiens 
(Finnamore, 1955). 

The role of £-glucuronidase in the embryo is the 
subject of speculation. Waddington & Needham 
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(cf. Needham, 1942) suggested that the primary 
evocator, upon which the differentiation of the 
embryo depends, is a steroid substance of some kind. 
They also proposed that this substance was present 
in a masked condition in the tissues, the active 
steroid presumably being liberated at the right time 
and place to cause differentiation. It is tempting to 
suggest that §-glucuronidase acting on a steroid 
glucuronide could provide the actual mechanism of 
this change. It is, of course, dangerous to assume 
that the measured activity of the enzyme in the 
crude extracts bears any relation to the activity in 
the intact embryos. Possibly, £-glucuronidase is 
best considered as analogous to enzymes such as 
cathepsin. Such enzymes, showing high activity in 
tissue extracts, may not be very active in the living 
tissues. In this connexion it may be noted that de 
Duve, Pressman, Gianetto, Wattiaux & Applemans 
(1955) have demonstrated that in certain tissues 
cathepsin and £-glucuronidase are associated in one 
type of cytoplasmic particle, which releases active 
enzymes after the tissues are homogenized. 


SUMMARY 


1. The f-glucuronidase activity of extracts from 
various stages of Xenopus laevis embryos has been 
measured. 

2. The only significant change detected was a 
fall in the activity of the enzyme in the extracts of 
the neural plates. 

3. These results do not support the idea that f- 
glucuronidase is associated with the proliferation of 
cells. 

I wish to thank Professor Waddington, F.R.S., for the 
interest he has shown in this work and for the laboratory 
facilities which he has provided. I am much indebted to 


Dr B. Woolf for his help with the statistical problems. The 
work was assisted by a grant from the Advisory Committee 
for Medical Research for Scotland. 
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The Phosphoesterase of Pea Plants (Pisum sativum L.) 


By W. S. 


PIERPOINT 


Biochemistry Department, Rothamsted Experimental Station, Harpenden, Herts 


(Received 8 April 1957) 


A number of polyphosphatase activities present in 
extracts of pea plants (Pisum sativum L.) are 
associated with an unspecified phosphoesterase 
(Pierpoint, 1957). This enzyme liberates ortho- 
phosphate from trimetaphosphate, tripolyphos- 
phate, commercial ‘hexametaphosphate’ and a 
number of organic phosphates, although not 
from tetrametaphosphate. 
the enzyme on an ion-exchange resin resolves 
it into two fractions which have similar enzymic 
activities. 


Chromatography of 


Two problems arising out of this work were the 
heterogeneity of the enzyme, and the association of 
the phosphomonoesterase activity with the di- 
esterase activity against trimetaphosphate. The 
present paper presents evidence that the hetero- 
geneity of the enzyme is not due to the purification’ 
procedure to which it is subjected, and confirms the 
association of the mono- and di-esterase activities. 
It also provides additional information on the 
specificity of the enzyme, and the path by which it 
breaks down polyphosphates. 
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EXPERIMENTAL 


Enzyme preparations. The partially purified preparation 
of pea phosphatase most generally used was the fraction E 
of Holden & Pirie (1955a). More purified preparations were 
obtained from this by gradient-elution chromatography on 
a column of Dowex 50 (Pierpoint, 1957). 

Enzyme determinations. Ribonuclease activity was 


measured against yeast nucleic acid by the method of 


Holden & Pirie (1955a). All other phosphatase activities 
were measured under the conditions previously described 
(Pierpoint, 1957). 

Phosphatase activities were generally expressed as units 
which were defined as that activity which would liberate 
31 mg. of P as orthophosphate/I. of solution, when incubated 
for 1 hr. at 37° under the standard conditions. Since the 
liberation of orthophosphate did not vary in a linear manner 
with amount of enzyme present (Pierpoint, 1957), the 
assays were performed with various amounts of enzyme, and 
the amount containing 1 unit of activity was measured 
graphically. The deviation from linearity was far greater 
with trimetaphosphate than for the other phosphates, and 
the activity against this compound was more accurately 
measured by a smaller unit. Consequently, the enzyme 
activities measured in the experiments summarized in 
Tables 1-3 were measured in ‘half-units’ corresponding to 
the liberation of 15-5 mg. of orthophosphate/l. under the 
standard conditions. 

Chemical determinations. Orthophosphate and _ total 
phosphate were both estimated in the manner described by 
Holden & Pirie (1955c). 

Chemicals. Yeast nucleic acid was prepared by the method 
of Holden & Pirie (19556). The pyrophosphate was a mineral 
sample, given by Dr G. Brown which on analysis by ion- 
exchange chromatography was found to be at least 97% 
calcium pyrophosphate. The mixtures of 2’- and 3’-adenylic 
acids, and one of 2’- and 3’-uridylic acids, were given by 
Dr R. Markham. Guanidinium tetraphosphate was given by 
Dr O. T. Quimby. 

Calcium phosphate was a 3-year-old specimen that had 
been made by the method of Singer & Kearney (1950). All 
the other compounds used, which were not obtained com- 
mercially, have been previously described (Pierpoint, 1957). 

Chromatography. Chromatographic separation of poly- 
phosphates was carried out on a column (14 cm. x 2-5 cm.) 
of Dowex 1 (100-200 mesh; x 8 cross-linkage) in the manner 
described by Peters & Rieman (1956). The eluents used in 
this method are (1) 0-25m-KCl, (2) 0-4m-KCl, (3) 0-5m-KCl, 
all buffered to pH 5 with 0-005M-acetate buffer and (4) 
3N-HCI, which is allowed to stand overnight in contact with 
the resin in order to hydrolyse any firmly absorbed poly- 
phosphates. The automatic fraction collector used collected 
effluent samples of 10-1- 1-5 ml. 

Paper chromatography of nucleotides was carried out in 
the propan-2-ol-aq. NH, soln. solvent of Markham & Smith 
(1952), on strips of Whatman 3 MM filter paper. Purine- 
and pyrimidine-containing compounds were located on the 
chromatograms by ultraviolet-light photography (Markham 
& Smith, 1949, 1951). 

Electrophoresis. Protein electrophoresis was carried out 
on paper strips in a manner similar to that described by 
Woods & Gillespie (1952). The strips of Whatman 3 MM 
paper (57 cm. x 2-5 cm.) were wetted with the appropriate 
buffer of ionic strength 0-05, and samples of the enzyme 
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fraction E, containing 2-6 units of glycerophosphatase in 
20-60 pl., applied to their midpoints. They were then laid 
between strips of glass (30 cm. x 4 em.) supported on water- 
cooled blocks of metal so that the ends of the strips hung 
down into the buffer contained in plastic-electrode vessels. 
After equilibration for 1 hr., a voltage of 140v was applied 
from a constant-voltage power pack. 

When electrophoresis was finished the papers were 
removed from the apparatus and allowed to dry. They were 
lightly sprayed with an 8 % (w/v) solution of either glycero- 
phosphate or trimetaphosphate in 0-1M-citrate buffer, 
pH 6, and stood at room temperature for 2 hr. The position 
of the two activities could then be detected by spraying with 
a solution of 1-7% (w/v) ammonium molybdate in 2N- 
H,SO,, followed by freshly prepared stannous chloride 
solution (0-2 %). 

Electrophoresis on starch gel was carried out in a similar 
manner. Potato starch was mixed to a thick paste with the 
appropriate buffer and spread evenly in Perspex troughs 
(31 cm. x 3 cm. x 0-2 em. deep) which were supported on the 
water-cooled metal blocks. Contact between the electrode 
vessels and the gel was made by firmly clamped pieces of 
3 MM filter paper. After the enzyme had been applied, the 
gel was covered with a sheet of glass and left to equilibrate 
for 1 hr. before the voltage was switched on. 

When the elctrophoresis was finished, the starch gel was 
allowed to dry and then divided into successive 1 cm. strips. 
Each strip was suspended in 5 ml. of water, and the resulting 
solution divided into two portions for trimetaphosphatase 
and glycerophosphatase estimations. The conditions of 
these estimations were the standard ones except that the 
concentration of citrate was 0-05M, the concentration of 
substrate was 0-6 mg. of P/ml. and the incubation time was 
5 hr. 


RESULTS 


Association of glycerophosphatase 
and trimetaphosphatase 
The ratio of the two phosphatase activities was 
measured in a number of different pea extracts and, 
as Table 1 shows, was constant within the limits of 


accuracy of the estimations. This ratio was not 


appreciably altered by absorption of protein from 
a solution on to calcium phosphate gel (Table 2), 
nor by heat denaturation at different pH values 
(Table 3). These results suggest that the two enzyme 
activities are associated with the same protein, as 
also do those results obtained when the enzyme 
acted on mixtures of the two substrates. At a con- 
centration of glycerophosphate (0-6 mg. of P/ml.) 
which is just sufficient to produce maximal enzyme 
activity, the presence of trimetaphosphate does not 
affect the rate of liberation of orthophosphate 
(Table 4). 

Additional evidence for the association of the two 
activities comes from their behaviour on electro- 
phoresis. When electrophoresis was carried out on 
3MM filter paper with pH values (<5-5) at which 
the activities were stable during the period of the 
experiment, neither moved from the origin. This is 
probably due to a binding of proteins with the paper 
30-2 
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Table 1. Ratio of glycerophosphatase to trimetaphosphatase in pea extracts 


Extracts were preparations of fraction E that had been prepared from different batches of peas during the last 2 years, 
Enzyme activities were measured and expressed as described in the Experimental section. 


Glycerophosphatase 


extract (half-units/ml.) 
El 248 
E2 22 
E3 108 
E4 515 
E5 126 
E6 40-2 
E7 600 


Table 2. Absorption of enzyme activities 
on to calcium phosphate gel 


Various amounts of phosphate gel were added to 4 ml. 
samples of fraction E, containing 200 half-units of glycero- 
phosphatase/ml., and water to 6-5 ml. After standing for 
10 min. on ice the gel was removed by centrifuging, and 
enzyme activities and protein were measured in the super- 
natant liquids. 


Glycero- Trimeta- 
Phosphate phosphatase phosphatase Protein 
gel added remaining remaining remaining 
(mg. dry wt.) (%) (%) (%) 
0 100 100 100 
1-7 100 96 79 
53 49 48 50 
10-6 11 12 42 
21 0 0 38 


Table 3. Heat stabilities of the phosphatase activities 


To 7 ml. samples of fraction E containing 160 half- units 
of glycerophosphatase/ml. was added 0-5 ml. of 0-2m- 
citrate buffer, pH either 5-2 or 6-3. The mixtures were 
incubated at 51° and samples taken at various times for 
enzyme estimations. 


Glycero- Trimeta- 
Buffer Time of phosphates phosphatase 
added incubation remaining remaining 
(pH) (min.) % %) 
6-3 0 100 100 
23 7-5 6-5 
59 0 0 
5-2 0 100 100 
2% 26 29 
49 20 17 
68 12 8 
97 j 


6 4 





(Woods & Gillespie, 1952). With starch as a support- 
ing material, however, both activities migrated 
equally towards the cathode at pH values between 
4-5 and 5-5. Fig. 1 shows a typical result obtained 
at pH 4-7. No separation of the two enzyme 
activities was observed, nor was either activity 
resolved into two fractions. 


Action of phosphatase on nucleic acids 


When incubated with yeast nucleic acid, un- 
chromatographed preparations of pea phosphatase 
liberated phosphorus in a form which was soluble in 


Glycerophosphatase 


Trimetaphosphatase an 
Trimetaphosphatase 


(half-units/ml.) 


115 2-2 
10-9 2-0 
52 2-1 
233 2-2 
57 2-2 
19-4 2-1 
275 2-2 
Cathode 
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Enzyme activity (mg. of P liberated/I.) 
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t 
12345.67 6 9 10 1213 14 
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Fig. 1. Electrophoresis of phosphatase. A sample of 
fraction E (30yl.; 3 units of glycerophosphatase) was 
applied to a column of starch gel that had been prepared 
with acetate buffer, pH 4-7, ionic strength 0-05. After 
electrophoresis had proceeded for 24 hr., the gel was dried 
and lem. portions were taken for glycerophosphatase 
(----) and trimetaphosphatase ( ) estimations as 
described in the text. 





the uranyl acetate—trichloroacetic acid reagent. 
This activity was not due solely to contamination 
with the ribonuclease present in these extracts 
(Holden & Pirie, 1955 a), since when the phosphatase 
was chromatographed on Dowex 50, those fractions 
of the eluate which contained the glycerophos- 
phatase also showed activity against nucleic acid 
(Fig. 2). As ribonucleic acids contain both phos- 
phomonester and phosphodiester bonds, which are 
attacked by different enzymes (Markham & Smith, 
1954), experiments were performed to decide 
which of these two was attacked by the phos- 
phatase. 

The maximum amount of nucleic acid phos- 
phorus which was liberated as acid-soluble phos- 
phorus in the experiment described in Fig. 2 was 
7% of the total present, and of this 95-100 % was 
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Table 4. Action of pea phosphatase on mixed substrates 


Samples (0-25 ml.) of the chromatographed enzyme, component B, were incubated at 37° in 4 ml. of 0-1M-citrate. 
Glycerophosphate, when present, was at a concentration of either 0-6 mg. or 1 mg. of P/ml., and trimetaphosphate at 
a concentration of 0-6 mg. of P/ml. Samples were taken at various times for orthophosphate estimation. 


Orthophosphate liberated (ug. of P/ml.) 





From glycerophosphate 
Time a - 





From trimetaphosphate 
and glycerophosphate 





From 


¢ is =" f ‘Y 
(hr.) (0-6 mg. of P/ml.) (1 mg. of P/ml.) trimetaphosphate (0-6 mg. of P/ml.) (1 mg. of P/ml.) 


0-5 16 17 
1-0 26 30 
2-5 64 73 


a ~ 
So Oo 


uw 
oO 


Ww w 
Oo o 


=a 
oO 


Enzyme activity (mg. of P liberated/I.) 
> 
Ss 


10 20 30 40 
Fraction no. 


Fig. 2. Association of ribonuclease and glycerophosphatase 
activities. A preparation of fraction E (30 ml.; 3000 units 
of glycerophosphatase) was chromatographed, and from 
the fractions produced samples (0-2 ml.) were taken for 
the estimation of glycerophosphatase (@) and (0-5 ml.) 
for the estimation of ribonuclease (0). 


orthophosphate. If the pea enzyme had only phos- 
phomonoesterase activity on the nucleic acid, this 
orthophosphate would have been derived from the 
terminal phosphomonester groups. If, however, 
the phosphatase broke the diester bonds in the 
nucleic acid, liberating nucleotides, the ortho- 
phosphate could also have been derived from the 
enzymic breakdown of these nucleotides. Direct 
attempts were therefore made to detect nucleotide 
or nucleoside formation by fraction 20 (Fig. 2) of the 
chromatographed enzyme. Portions (0-1 ml.) were 
incubated at 37° and at various pH values between 
4-9 and 5-8, with equal volumes of a solution con- 
taining 10 mg. of nucleic acid. Samples (20 pl.) were 
taken at intervals up to 3-5 hr. later and spotted on 
to sheets of filter paper. After chromatographic 
development overnight in the propan-2-ol—-aq. NH, 
soln. solvent (Markham & Smith, 1952a), the sheets 
were dried and examined in ultraviolet light for 
nucleotides and nucleosides. Minute quantities of 
nucleotides were visible in those samples that had 


10 14 14 
17 27 30 
38 66 72 


been incubated longest, but they contained less 
phosphorus (0-2 ng.) than could be detected by the 
method used. In these experiments the concentra- 
tion of the enzyme was about ten times greater than 
that used for the detection of glycerophosphatase 
activity, and less than 0-2 % of the substrate was 
liberated as nucleotides and nucleosides. The 
diesterase activity of the pea phosphatase against 
nucleic acid is therefore negligible compared with 
its phosphomonoesterase activity. 

The conversion of 7% of the phosphorus of 
nucleic acid into orthophosphate in the experiment 
described in Fig. 2 suggests that the mean length of 
the polynucleotide chains in the sample of nucleic 
acid used was about 14. This degree of polymeriza- 
tion is similar to that reported for some other pre- 
parations of yeast nucleic acid (Markham & Smith, 
19526), but much less than that suggested by 
osmotic measurements for yeast nucleic acid pre- 
pared by the method used in the present work 
(Holden & Pirie, 19556). The nature of this dis- 
agreement is not clear. 

The amount of orthophosphate liberated from 
nucleic acid by the phosphatase was more than 
doubled when the nucleic acid was digested with 
purified leaf ribonuclease (Pierpoint, 1956) before 
being incubated with the phosphatase. This was 
presumably due to the increase in the number of 
phosphomonoester bonds present. 


Action of phosphatase on other compounds 


In addition to the compounds previously listed 
(Pierpoint, 1957), the phosphatase liberates ortho- 
phosphate from pyrophosphate, guanidinium tetra- 
phosphate, phenyl phosphate, phytic acid, a 
mixture of the 2’- and 3’-adenylic acids, and a 
mixture of the 2’- and 3’-uridylic acids. The criteria 
used in assigning these activities to the phosphatase 
is that they show the same distribution as glycero- 
phosphatase in fractions derived from the chro- 
matography of the enzyme. Fig. 3 shows the results 
obtained with mixtures of nucleotides as substrates. 
The results for the adenylic acids are not as accurate 
as the others, since a slow precipitation occurred 
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during the phosphate assay, but both demonstrate 
the existence of A and B, the two enzyme com- 
ponents. 

The ratio of the activity of A to that of B, with 
glycerophosphate as substrate, is a little less than 
that with the nucleotides (Fig. 3). It is also a little 
less than the corresponding ratio for pyrophosphate, 
guanidinium tetraphosphate, pheny! phosphate and 
phytic acid. The rate of liberation of orthophosphate 
from these latter compounds by component’ B is 
about 200, 100, 120 and 20% respectively of that 
from glycerophosphate. 


Breakdown of polyphosphates 


Samples were taken at various times from solu- 
tions in which the phosphatase was breaking down 
polyphosphates and were analysed chromato- 
graphically for accumulation of intermediates. 
Fig. 4 shows the results obtained during the break- 
down of tripolyphosphate by component B of the 
phosphatase. All the tripolyphosphate was con- 
verted into orthophosphate eventually but appreci- 
able amounts of pyrphosphate (14% of total 
phosphorus) accumulated in the solution after 
incubation for 2 hr. In the absence of enzyme the 
tripolyphosphate did not break down. 

A similar experiment with trimetaphosphate 
showed the almost complete conversion of this 
compound into orthophosphate, but no detectable 
amounts of tripolyphosphate or pyrophosphate 
accumulated. No orthophosphate was liberated 
from tetrametaphosphate on incubation with the 
enzyme, and the chromatographic behaviour of the 
tetrametaphosphate was not altered. 
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Fig. 3. Action of the phosphatase on nucleotides. The 
fractions were those obtained by the chromatography 
described in Fig. 2. Activity against glycerophosphate 
(@) was estimated in 0-23 ml. samples, and that against 
2’- and 3’-adenylic acid (A) and against 2’- and 3’- 
uridylic acid (O) in 0-4 ml. samples. Enzyme estimations 
were carried out as usual, except that the concentration 
of citrate buffer was 0-09 throughout, and the concentra- 
tion of the nucleotides was 0-22 mg. of P/ml. 
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A number of attempts have been made to reverse 
the breakdown of polyphosphates. Samples of 
component B were incubated with large amounts of 
either orthophosphate or mixtures of ortho-, pyro- 
and tripoly-phosphate, and the solution was 
analysed chromatographically. Although a number 
of conditions, such as pH and time of incubation, 
were varied no synthesis of polyphosphates was 
detected. 


Presence of two enzyme components 
in crude pea extracts 


The extracts from which A and B were previously 
isolated had been subjected to fractionation with 
ammonium sulphate and to lengthy dialyses. To 
examine the possibility that one of the two com- 
ponents was formed during these processes, an 
enzyme preparation which had not been so treated 
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Fig. 4. Breakdown of tripolyphosphate by pea phosphatase. 
Tripolyphosphate (50 mg.) was incubated with com- 
ponent B of the phosphatase (3 ml. of fraction 19, Fig. 2) 
in 10-5 ml. of citrate buffer (0-035m, pH 6). Samples 
(2 ml.) were taken at 0 hr. (O), 2 hr. (m) and 18 hr. (@) 
and frozen until they could be chromatographed on a 
Dowex 1 column. Total phosphorus was estimated in 
2 ml. samples of the resulting fractions. The three peaks 
present in the 2 hr. sample represent, from left to right, 
orthophosphate, pyrophosphate and tripolyphosphate. 
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was chromatographed. The pea plants were minced 
and extracted with citrate as described by Holden & 
Pirie (1955a), and the resulting extract was ad- 
justed to pH 4-5 and stood in the refrigerator for 
30 min. Chloroplasts and cell debris were then 
removed by centrifuging for 10 min. at 10 000g, 
and the clear-brown supernatant solution was 
dialysed against cold water for 3 hr. The slight pre- 
cipitate which formed during this time was removed 
by further centrifuging, and a sample of the extract 
chromatographed in the usual way. The distribution 
of glycerophosphatase in fractions of the eluate 
showed the presence of A (15%) and B (85%) in 
amounts similar to those previously found in 
fraction E. 


DISCUSSION 


It has been shown previously that the heterogeneity 
of the pea phosphatase was not an artifact of the 
chromatographic procedure (Pierpoint, 1957), and 
it has now been shown not to be due to the treatment 
with ammonium sulphate. However, the possi- 
bility of it being an autolytic artifact produced 
during the disruption of the leaves is by no means 
ruled out. For another phosphatase, fructose 1:6 
diphosphatase, there is evidence that different 
methods of preparation which allow different 
degrees of autolysis produce enzymes with different 
electrophoretic mobilities (Mokrasch & McGilvery, 
1956). Other phosphatases which are included 
among the increasingly large number of proteins 
that can be resolved by chromatographic or electro- 
phoretic techniques into two or more active com- 
ponents are pancreatic ribonuclease (Martin & 
Porter, 1951), herse-radish phosphatase (Boman & 
Westlund, 1956), sweet-potato phosphatase (Ito, 
Kondo & Watanabe, 1955), rattle-snake-venom 
phosphodiesterase (Boman & Kaletta, 1956) and 
yeast phosphomonoesterase (Tsuboi, Wiener & 
Hudson, 1957). 

The pea phosphatase has no significant effect on 
the diester bonds of either diphenyl phosphate or 
ribonucleic acid, and would therefore probably be 
classified as a monoesterase. There is, however, no 
reasonable doubt that it has diesterase activity 
against trimetaphosphate. As further meta- 
phosphates become characterized and available, it 
will be of interest to see how far this activity 
extends to these compounds. That it will not be 
general is indicated by the inability of the enzyme 
to split tetrametaphosphate. An attempt was made 
to prepare some new polyphosphates by gentle acid 
hydrolysis of commercial ‘hexametaphosphate’ 
(McCullough, Van Wazer & Griffith, 1956) followed 
by ion-exchange chromatography. However, the 
only compounds detected in appreciable amounts 
were ortho-, pyro-, tripoly-, trimeta- and tetra- 
meta-phosphate. 
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Since few, if any, of the highly purified phospho- 
monoesterases have been tested against trimeta- 
phosphate, it would be premature to state that the 
pea enzyme does not fit into any of the classes of 
phosphatases described by Roche (1950). From the 
characters that can be directly compared, it seems 
that the enzyme has most affinities with the class IL 
phosphomonesterases. It resembles very closely 
the phosphatases purified from citrus fruit (Axelrod, 
1947) and sweet potatoes (Ito et al. 1955). These 
three enzymes all attack pyrophosphate. There 
have been a number of suggestions that the pyro- 
phosphatase and the glycerophosphatase of some 
other higher plants are separate entities (Roberts, 
1956), but few, if any, are accompanied by con- 
vineing evidence for the separations of the two 
activities. 

Pyrophosphate has previously been detected as 
an intermediate in the breakdown of tripolyphos- 
phate by agents such as alkali (Bell, 1947), yeast 
extracts (Mattenheimer, 1956; Kornberg, 1956) and 
extracts of Aspergillus (Neuberg, Grauer & Mandl, 
1950). Alkali and yeast extracts also accumulate 
pyrophosphate and tripolyphosphate in the de- 
gradation of trimetaphosphate. The non-accumula- 
tion of these compounds in the breakdown of tri- 
metaphosphate by the pea enzyme is probably due 
to the speed with which they are further broken 
down. Orthophosphate is liberated from pyro- 
phosphate and tripolyphosphate by component B 
at about 7 and 4:5 times respectively the rate that 
it is from trimetaphosphate. Even allowing for 
the fact that the breaking of one bond in trimeta- 
phosphate liberates less orthophosphate on an 
average than it does from either of the other two 
compounds, it is clear that the splitting open of the 
phosphate ring is by far the slowest process in the 
breakdown of trimetaphosphate. 


SUMMARY 


1. Evidence from a variety of sources indicates 
that the glycerophosphatase and trimetaphos- 
phatase activities of pea extracts are associated with 
the same enzyme. 

2. This enzyme also splits the phosphomonoester 
bonds in nucleic acid, phytic acid, phenyl phosphate, 
pyrophosphate, tetraphosphate, adenylic acid and 
uridylic acid, in addition to the compounds pre- 
viously listed. 

3. Pyrophosphate is an intermediate in the 
breakdown of tripolyphosphate by the phosphatase. 
No intermediates could be detected in the break- 
down of trimetaphosphate. 

4. The chromatographic heterogeneity of the 
phosphatase is not caused by the treatment with 
ammonium sulphate in the course of its purifica- 
tion. 
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Calcium and Magnesium Metabolism in Calves 
PLASMA LEVELS AND RETENTION IN MILK-FED CALVES 


By R. H. SMITH 
National Institute for Research in Dairying, University of Reading 


(Received 14 November 1956) 


Sheep and cattle are the only animals known to be 
subject to a clinical disorder apparently due to 
magnesium deficiency, when receiving diets not 
themselves grossly deficient in magnesium. The 
disorder is characterized by hypomagnesaemia and 
culminates in extreme cases in convulsions which 
are often fatal. It occurs in adult sheep and cattle 
under a variety of conditions, but most frequently 
shortly after they have started to graze young 
quickly growing herbage. The subject has been 
reviewed by Russell (1944) and Blaxter & McGill 
(1956). Duncan, Huffman & Robinson (1935) first 
showed that calves, fed basically on milk for an 
abnormal length of time, also develop hypo- 
magnesaemia. This finding has frequently been con- 
firmed (Wise, Petersen & Gullickson, 1939; Huff- 
man, Conley, Lightfoot & Duncan, 1941; Blaxter & 
Sharman, 1955). Occasionally hypocalcaemia has 
also been reported in milk-fed calves (Huffman & 
Robinson, 1926; Parr, 1957). Two principal reasons 
have been suggested to explain the development of 
hypomagnesaemia under these conditions: (a) that 
it is due to a simple dietary deficiency of magnesium 
(Blaxter, 1956); (b) that the properties of the milk 


diet are such that utilization of magnesium is 
impaired (Huffman eé al. 1941). 

The present work was undertaken in an attempt 
to throw further light on this problem. 


EXPERIMENTAL 


Animals 


Two sets of calves were used. One set was kept from 1954 to 
1955 (nos. 85, 86 and 87) and the other set from 1955 to 1956 
(nos. 1, 3, 4, 5, 6, 7, 8, 11). All were male shorthorns except 
for no. 4, which was a female shorthorn, and no. 11, which 
was a male Friesian. All the males except nos. 1 and 11 
were castrated at 2-3 weeks of age. The calves were removed 
from their dams 4 days after birth and subsequently fed 
twice daily from a bucket. Their diets consisted almost 
exclusively of whole milk in the amounts shown in Table 1 
with daily additions of 0-4 g. of FeCl,,6H,O, 0-04 g. of 
MnSO,,4H,0 and 0-04 g. of CuSO, ,5H,0 from 2 months and 
double these amounts from 6 months. The amounts of milk 
fed were restricted so that the calves did not generally grow 
at the optimum rate. This was done to avoid digestive 
disorders as far as possible and to obtain a uniform treat- 
ment. Many of the calves had diarrhoea for a day or two 
but some developed persistent digestive disturbances; the 
latter were usually removed from the experiment if they 
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did not die. Calf 5 died in this way at 8 weeks of age and calf 
8 was removed at 10 weeks of age, but the data which will be 
presented for these calves were obtained before they showed 
any signs of digestive disorders. Calf 7 was the only calf for 
which data were obtained during a period of persistent 
disorder. This calf was normal up to 16 weeks of age, but it 
then developed recurrent slight diarrhoea and a poor 
appetite and grew abnormally slowly. 

The magnesium and calcium content of the milk fed 
during most of the experimental period is given in Fig. 1. 
Magnesium supplements, when used, were added to the 
milk either as the sulphate (calves 85, 86 and 8) or as the 
chloride (calves 1, 3 and 7). Calf 6 was given the sulphate up 
to 27 weeks of age and the chloride subsequently. A supple- 
ment equivalent to 10 mg. of magnesium/100 ml. of diet 
was given to calves 6 and 8 from 5 weeks of age but supple- 
ments were only given to the other calves, as a palliative 
measure, when severe hypomagnesaemia was present. 
Vitamin D supplements were added to the diet as aqueous 
suspensions, except that vitamin D, was added as a solution 
in arachis oil when it was fed to calf 11 at a rate of 140 000 
iu./day. Calves 85, 86 and 87 received a supplement of 
7000 i.u. of vitamin D,/day from 14 weeks of age and 
17 000 i.u. of vitamin D,/day from 30 weeks. Calves 1, 4 and 
6 received 7000 i.u. of vitamin D,/day from 9 weeks of age. 
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The supplement was increased to 70 000 i.u./day for calves 
1 and 6 when they were showing signs of faulty calcium 
metabolism and for calf 4 at 34 weeks. Calves, 3, 7 and 11 
were not given vitamin D until they were suffering from 
advanced hypocalcaemia (except that calf 3 inadvertently 
received 7000 i.u. of vitamin D,/day from 9 to 11 weeks). 
Calves 3 and 7 were then given 70 000 i.u. of vitamin D,/day 
and calf 11 was given 140 000 i.u. of vitamin D,/day. Calf 5 
died and calf 8 was removed from the experiment without 
receiving vitamin D supplements. 

The animals were kept in stalls away from direct sunlight 
and muzzled. Wood shavings were used as bedding. Some 
of the male calves were used for balance experiments and 
for this purpose they were transferred to metal metabolism 
cages. These cages were constructed so that urine passed 
through a mesh floor into a stainless-steel tray. It was 
collected in a bottle containing acetic acid (about 1 % of the 
final urine volume) and toluene. The urine was filtered and 
kept under toluene in a refrigerator before analysis. Faeces 
were collected in a rubber bag fastened to a harness worn by 
the animal. A sample, comprising about 90% of the faeces 
collected, was dried at 100°, milled and well mixed before 
analysis. Collections were usually made for 8 consecutive 
days, the samples for the first and last 4 days being analysed 
separately. Blood samples were taken at approximately 


Table 1. Milk intake of the calves at different ages 


Values are expressed as 1./day. The intake shown by the right-hand figure for each calf, or group of calves, was continued 


to the end of the experiment. 


tc 


Age (weeks—days) 











Calves 1-0 5-0 9-0 114 13-3 15-0 16-0 18-3 23-4 25-0 
85, 86, 87 < 4-40 —> < —— 6-60 >< 8-80 —— -—> <—— 13-20 
1, 3, 4, 6, 8 <_ 4-40 >< — 6:15 ——> <— 8-80 
7 <- 4-40 >< ~ 6°15 > <- 8-80 —> <— 7-65* 
5 <—4-40 > < 6-60 
ll <-—___—_ 4-40 ———___—> <- 4-40f >< 4-40 


* Calf 7 sometimes refused part of its milk during this period. The figure given is an average. 
+ Calf 11 received 0-88 1. of colostrum (159 mg. of calcium/100 ml.; 29-2 mg. of magnesium/100 ml.) and 3-52 1. of milk 


during this period. 
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Concn. of Mg (mg./100 ml.) and Ca (mg./10 ml.) 











24 28 
Weeks after 1 September 


Fig. 1. Calcium and magnesium content (excluding supplementary magnesium) of the milk fed to the calves. Arrows 
indicate the dates of birth of the various calves. Milk analyses were not carried out during about the first 9 weeks 
of the 1954-55 experiments and the first 2 weeks of the 1955-56 experiments. 
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weekly intervals from the jugular vein, just before or just 
after the morning feed, into centrifuge tubes containing 
heparin. The blood was centrifuged within 15 min. and the 
plasma siphoned off. The calves were usually weighed at 
weekly intervals. 

Analysis 


Plasma. Inorganic phosphorus was determined by the 
method of Fiske & Subbarow (1925). Calcium and mag- 
nesium were determined by the method of Green & Alicroft 
as described by Godden (1937). Ultrafilterable calcium and 
magnesium were determined by applying this method to 
plasma ultrafiltrates prepared by the method described by 
Gregory (1954) for the preparation of milk ultrafiltrates. 

Milk. A5 ml. sample was taken at each feed and added, 
with shaking, to 20 ml. of 10% (w/v) trichloroacetic acid. 
The mixture was kept for 2 days at 37° and filtered through 
Whatman no. 44 paper. Collected filtrates were bulked, 
usually in 4- or 7-day batches, diluted 2-5 times and 5 ml. 
samples added to 15 ml. conical centrifuge tubes. Methyl 
orange was used as indicator and saturated sodium acetate 
was added dropwise to give a pH of about 4-5. Calcium and 
magnesium were then determined as for plasma. 

Urine. In general a milk-fed calf produces a larger volume 
of more dilute urine than an animal receiving solid food. 
Since, in addition, many of our determinations were made 
on hypomagnesaemic animals excreting little magnesium in 
the urine it was necessary to use a technique for very dilute 
solutions. A 25 ml. sample of urine was evaporated to 
dryness in a silica crucible on a steam bath. After cooling, 
about 1 ml. of 5Nn-nitric acid was added, and the mixture 
again evaporated to dryness first on a steam bath then in an 
oven at 100° overnight. The crucible was transferred to a 
muffle furnace, heated carefully at 180-200° until fuming 
ceased and the residue ashed at 450° overnight. The white 
ash was digested with 2 ml. of 2N-hydrochloric acid on a 
steam bath and the solution and washings were transferred 
to a 15 ml. centrifuge tube (total volume 5-6 ml.). The pH 
was adjusted to 4-5 and calcium and magnesium were 
determined as before. 

Faeces. About 1 g. of the dried faeces was ashed at 550° 
for 24 hr. The ash was digested on a steam bath with 5 ml. of 
2n-hydrochloric acid and the solution and washings were 
made up to 250 ml. A sample of this solution (5 ml.) was 
pipetted into a 15 ml. centrifuge tube, the pH adjusted to 
4-5 and calcium and magnesium were determined as before, 
except that the magnesium ammonium phosphate pre- 
cipitate was dissolved in 0-5 ml. of 10N-sulphuric acid, the 
solution made up to a suitable volume and a sample used for 
colour development. 


RESULTS 


Plasma levels 


Magnesium. Duncan, Lightfoot & Huffman 
(1938) found little change in the mean plasma- 
magnesium level with age in a group of normally 
reared calves but there was considerable individual 
variation. They found, for example, for 163 deter- 
minations on calves up to 1 month of age a mean 
value of 2-39 mg./100 ml. (s.z. 0-02, range 1-78— 
3-14) and for 98 determinations on calves of between 
10 and 11 months a mean value of 2-54 mg./100 ml. 
(s.E. 0-05, range 1-71-3-60). Our calves all main- 


tained normal plasma-magnesium values (between 
about 2-2 and 2-7 mg./100 ml.) for a period of time 
after birth but the level eventually began to fall at 
a point and at a subsequent rate which varied 
considerably from animal to animal. In all the 
calves showing hypomagnesaemia (except calf 11 
which was removed from the experiment at 17 
weeks of age) the plasma magnesium eventually fell 
to between about 0-4 and 0-8 mg./100 ml., where it 
remained, unless a magnesium supplement was 
given, for 8-15 weeks until the animals were 
slaughtered or died. Detailed results for two of the 
calves are shown in Fig. 2. 

Although a high level of magnesium in the diet 
can influence the plasma magnesium in milk-fed 
calves (see below and Huffman & Duncan, 1936), 
there was in our experiments no consistent relation- 
ship from animal to animal between the rate of 
onset of hypomagnesaemia and the variations in the 
amounts of magnesium in the diets. For example, 
calves 85 and 4 showed, respectively, the most 
rapid and the slowest development of hypomag- 
nesaemia of the calves which we examined. In calf 
85 the plasma magnesium had fallen below 1-62 mg, 
100 ml., which was the lowest value observed by 
Duncan et al. (1938) in normal calves, by 9 weeks of 
age and below 1-0 mg./100 ml. by 11-5 weeks. In 
calf 4 the corresponding ages were 26 and 36 weeks. 
This was in spite of the fact that calf 85 received 
milk containing 15-16 mg. of magnesium/100 ml. 
during the onset of hypomagnesaemia, whereas 
calf 4 received milk containing only about 11-14 mg. 
of magnesium/100 ml. (see Fig. 1). Calf 6, which 
received supplemented milk containing about 21- 
24 mg. of magnesium/100 ml. from 5 weeks of age, 
developed hypomagnesaemia more rapidly than 
calf 4, the plasma magnesium falling below 1-62 and 
1-0 mg./100 ml. by 23 and 27-5 weeks respectively. 

When daily additions of 7000 i.u. of vitamin D 
were made to the diet before the onset of hypo- 
magnesaemia, the subsequent appearance of this 
condition was not prevented (calves 1, 3, 4 and 6). 
Later increases in the intake of vitamin D by these 
calves and the addition of vitamin D to the diet of 
calves which became hypomagnesaemic before 
receiving supplementary vitamin D (calves 85, 86, 
87, 7 and 11) did not alleviate the condition to any 
appreciable extent. In three of the calves (86, 87 
and 11) there was a small rise in the plasma mag- 
nesium of about 0-4 mg./100 ml. shortly after the 
first administration of vitamin D, but the effect 
was only temporary and of doubtful significance. 

When calves 1, 3 and 7 were suffering from well- 
established hypomagnesaemia (plasma magnesium 
below 0-8 mg./100 ml. for about 4 weeks) the addi- 
tion to their diet of supplementary inorganic 
magnesium equivalent to 10 mg./100 ml. of diet 
had little or no effect on the plasma magnesium 
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(see, for example, Fig. 2). Calves 85 and 86 in a 
similar condition showed a marked improvement in 
plasma magnesium, however (this level increasing 
progressively from 0-7 to 1-8 mg./100 ml. in about 
7 weeks and from 0-6 to 1-3 mg./100 ml. in about 
2 weeks respectively), when their diet was supple- 
mented with inorganic magnesium equivalent to 
20 mg./100 ml. 

Calcium. With normal feeding McSherry & 
Grinyer (1954) found no significant difference 
between the serum-calcium levels of calves up to 
10 weeks of age on the one hand and calves aged 
4-10 months on the other. Over the whole range, in 
determinations on 40 calves, they found a mean 
value of 10-7 mg./100 ml. (s.z. 0-4). For the first 
few weeks after birth the plasma-calcium levels of 
all our calves remained reasonably constant 
(maximum variation+10%, with mean values 
ranging from 11 fo 15 mg./100 ml. for different 
animals) but some subsequently developed hypo- 
caleaemia. It was found that in calves which 
developed hypomagnesaemia before their diet was 
supplemented with vitamin D (calves 85, 86, 87, 7 
and 11) there was also a fall in plasma calcium. The 
falls in plasma magnesium and calcium respectively 
began at about the same time and subsequently 
developed at about the same rate for any one calf. 
Thus calf 85, which showed the most rapid fall in 
plasma magnesium, also showed the most rapid 
fall in plasma calcium (to about 50% of normal by 
12 weeks of age). In all the calves this relationship 
was destroyed when supplementary vitamin D was 
added to the diet. Complete restoration of normal 
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plasma calcium, from levels about 50-80% of 
normal, occurred in about 4 weeks for calves 85, 86 
and 87, which received 7000 i.u. of vitamin D,/day, 
and in about 1 week for calves 7 and 11, which 
received 70 000 i.u. of vitamin D,/day and 140 000 
iu. of vitamin D,/day respectively. Detailed 
results for calf 7 are given in Fig. 2. When the diet 
was supplemented with 7000 i.u. of vitamin D,/day 
before the plasma magnesium began to fall (calves 1, 
3, 4 and 6) the subsequent appearance of hypo- 
magnesaemia was not accompanied by hypo- 
calcaemia. This is illustrated for calf 1 in Fig. 2. 
Calf 3 received 7000 i.u. of vitamin D,/day only 
from 9 to 11 weeks of age. Hypocalcaemia appeared 
6 weeks after it was stopped and the plasma calcium 
had fallen to about 65% of normal before a daily 
supplement of 70 000 i.u. of vitamin D, restored 
normal levels within 1 week. Calf 6 began to show 
hypocalcaemia at 27 weeks of age in spite of re- 
ceiving a daily supplement of 7000 i.u. of vitamin D, 
and the plasma calcium had fallen to about 55% of 
normal by 31 weeks. An increase in the supplement 
to 70000 i.u./day restored normal levels within 
1 week. 

Other constituents. Inorganic phosphorus deter- 
minations were usually made on the same plasma 
samples as those used for the determinations of 
magnesium and calcium. No consistent marked 
changes were observed corresponding to the onset of 
hypomagnesaemia or hypocalcaemia or to the 
addition of vitamin D to the diet. Thus during the 
onset of hypocalcaemia in calf 7, in a period of 
3 weeks in which the plasma calcium dropped from 
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Fig. 2. Changes in plasma magnesium (@—@®) and calcium (O---O) levels of calves 1 and 7. 


Age (weeks) 


5 


Periods during 


which supplements were added to the diet are indicated [D (a): 7000 i-u. of vitamin D,/day; D (b): 70 000 i.u. of 
vitamin D,/day; Mg: magnesium (as the chloride) equivalent to 10 mg./100 ml. of diet]. The magnesium content 
of the unsupplemented milk is given in Fig. 1 and the amounts of milk fed are given in Table 1. 
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8-4 to 5-7 mg./100 ml., the plasma inorganic phos- 
phorus level (mean of four samples) was 7-3 mg./ 
100 ml. Mean values on four samples taken over 
a period of 4 weeks immediately after recovery from 
this condition after the addition of vitamin D to the 
diet were 11-1 mg./100 ml. for plasma calcium and 
7-4 mg./100 ml. for plasma inorganic phosphorus. 
The average inorganic phosphorus value for 15 
plasma samples taken from calves 1, 3, 4, 6, 7 and 87, 
between 6 and 10 weeks of age before they were 
suffering from appreciable hypomagnesaemia, was 
7-8 mg./100 ml. The corresponding figure for 
twenty-four plasma samples taken from these 
calves when they were in a condition of advanced 
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hypomagnesaemia, with plasma-magnesium values 
less than 0-6 mg./100ml., was 7-6 mg./100 ml. 
With normally fed calves McSherry & Grinyer 
(1954) found no significant difference between the 
serum inorganic phosphorus levels of calves up to 
10 weeks of age on the one hand and calves aged 
4-10 months on the other. Over the whole range, in 
determinations on forty calves, they found a mean 
value of 7-7 mg./100 ml. (s.£. 0-8). 

Many of the plasma samples from calves 85, 86 
and 87 were also used for the determination of 
ultrafilterable magnesium and calcium. The pro- 
portions of plasma magnesium and calcium which 
were ultrafilterable (mean values 79 and 42% 
respectively for calves between 2 and 9 months of 
age) were found to be independent of the total levels 
of these constituents. 


Balance experiments 

These were carried out with calves 1, 3, 6 and 7 at 
approximately monthly intervals from a few weeks 
after birth until after they had become grossly 
hypomagnesaemic. Calf 11 was examined at about 
11 and 16 weeks of age. Calves 5 and 8 were used 
only for experiments at an early age. The balance 
experiments recorded here were never carried out 
when diarrhoea was present. 

Magnesium. Results on some of the calves up to 
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9 weeks of age are given in Table 2. These calves and 
calves 7 (see Fig. 3) and 5 (39 % retention, 33 % urine 
excretion) showed values for the sum of retention 
and urinary excretion of between 64 and 81 % of the 
dietary magnesium at ages less than 5 weeks. These 
values represent the percentage of dietary mag- 
nesium absorbed without taking into account the 
amount of endogenous faecal excretion. The results 
of Blaxter & Rook (1954) for the faecal excretion of 
young calves on a magnesium-free diet suggest that 
this might have been equivalent to about 10-15% 
of the intake for the above-mentioned calves. It 
seems therefore, as a conservative estimate, that 
for the first few weeks after birth the calves were 
able to absorb about 75-90% of their dietary 
magnesium. By 7-9 weeks of age, however, the 
ability to utilize dietary magnesium had dropped 
markedly in calves 1, 3 and 8. Calf 7 was not 
examined between 7 and 9 weeks of age, but it 
showed a similar change in magnesium utilization 
by about 6 weeks of age (Fig. 3). This fall in mag- 
nesium utilization continued with increasing age in 
calves 1, 3 and 7 (calf 8 was not examined further) 
until little or no magnesium was retained. These 
changes are illustrated for calves 1 and 7 in Fig. 3. 
Calf 3 showed a somewhat slower fall, retaining 19. 
11, 9, 0 and 9 % of the dietary magnesium at 13, 18, 
22, 27 and 30 weeks respectively. Calf 11 showed a 
poor ability to retain dietary magnesium when it 
was examined at 11 and 16 weeks (17 and 5% 
respectively). Calf 6 was exceptional in that its 
magnesium retention had not changed appreciably 
by 7-9 weeks and, although the retention subse- 
quently fell, the fall was slower than for the other 
calves (20, 28, 0 and 11 % of the dietary magnesium 
was retained at 14, 21, 29 and 35 weeks respectively). 
During the time before the commencement of 
hypomagnesaemia the urine excretion of magnesium 
of all the calves fell as they got older. This pre- 
sumably reflected the decreasing ability of the 
calves to utilize dietary magnesium. When exami- 
nations were made after the plasma magnesium had 


Table 2. Calcium- and magnesium-balance results from calves at different ages 


All the figures refer to 8-day periods within the stated age ranges. The calves received 4-40 1. of milk/day. Calves 6 and 8 
received a MgSO, supplement from 5 weeks. Excretion of calcium in the urine was at all times negligible (less than 1% of 


the intake). 


Age range Ca intake 


Calf (weeks) (g.) 
1 2-5 41-5 
7-9 43-9 

3 2-5 43-4 
7-9 40-8 

6 2-5 43-9 
7-9 40-1 

8 2-5 41-2 


) 
7-9 40-2 


Mg intake 


Ch hh i 


ie 


Mg excretion 


Ca retention Mg retention in urine 


g.) (% of intake) (% of intake) (% of intake) 
72 97 46 25 
71 79 25 12 
86 97 45 34 
72 79 25 6 
79 94 47 22 
18 89 50 8 
62 86 51 13 
14 59 32 5 
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and begun to fall, it was found that the urine excretion calcium retention in spite of a daily supplement of 
rine had reached a very low residual value (4-10 mg./ 7000 i.u. of vitamin D, from 9 weeks (Fig. 3). 
‘tion day), which was not appreciably affected by further Calf 6, which also received this supplement of 
f the falls in the plasma-magnesium level. In no experi- vitamin D, from 9 weeks, continued to retain 
hese ments did the addition of vitamin D to the diet calcium efficiently for a considerable time (88% 
nag: appear to affect appreciably the utilization of retention at both 14 and 22 weeks), but by 29 weeks 
the magnesium (see, for example, Fig. 3). it was in negative calcium balance (loss 11% of 
sults Calcium. The results given in Table 2 show that intake). In all these calves a considerable improve- 
mn of there was a marked fall in the retention of calcium ment in calcium retention was rapidly brought 
that by calves 1, 3 and 8 between 2-5 weeks ofage onthe about and maintained by giving a daily supplement 
5% one hand and 7-9 weeks of age on the other hand. of 70 000i.u. of vitamin D, (140 000 i.u. of vitamin 

It Calf 6 showed asmall fallin calcium retentionduring OD, for calf 11). For a period beginning 2-3 weeks 
that this period. Calf 7 showed a similar fall between after starting such a supplement, calf 3 retained 
vere about 2 and 6 weeks of age (Fig. 3). When vitamin D 80% of the dietary calcium (at 22 weeks of age), 
tary supplements were withheld from the diet this calf 6retained 85 % (at 35 weeks) and calf 11 retained 















the decrease in calcium retention continued with further 90% (at 16 weeks). Results are given in detail for 
yped increase in age. This effect is shown for calf 7 in calves 1 and 7 in Fig. 3. Calf 7 showed a smaller 
not Fig. 3 and was also observed for calf 3 (67 and 39% improvement in calcium retention than the other 
it it retention at 13 and 18 weeks respectively) and, calves, probably because of what appeared to be 
tion assuming an initial calcium retention similar tothat a general digestive impairment, which began at 
1ag- of the other calves, for calf 11 (66% retention at about 16 weeks. At no time, even with daily in- 
e in 11 weeks). Calf 1 also showed a continued fall in takes of 70 000 or 140 000 i.u. of vitamin D, was the 
her) 

1ese a 
. 3 

18, a 4 

v 

od a 2 _ 90 

n it o 

5% 2% 80 {Me} 

its s= 

oe 2E @ | 

her S vo ~ —D (a)++—D (b)—> 

jum 5 <. 50 

ly). o> 

= 38” 

um oo 

re- 5 g 30 

the 5° 

mi- 8 20F 1 

° 
A B 
4 4 1 1 edhe 
0 4 8 12 16 20 24 0 
Age (weeks) 
id 8 
6 of Fig. 3. Changes in total calcium excretion (A), total magnesium excretion (@) and faecal magnesium excretion (O) in 


calves 1 and 7. Excretion of calcium in the urine did not at any time exceed 1% of the intake. Each experimental 
point gives the mean result for a balance period. The recorded age was that corresponding to the middle of the 
period. When 8 days’ balance experiments were carried out the first and last 4 days were evaluated separately. 
Figures shown beside the experimental points give the difference between the 8 days’ means and the individual 
4 days’ means. This gives some indication of the reproducibility, although true differences between the two 4 days’ 
periods must have occurred when the retention was changing rapidly. Big variations were almost always due to 
differences in the amounts of faeces voided; urine excretion of magnesium varied relatively little between adjacent 
4 days’ periods. Points corresponding to single 4 days’ balance experiments are marked with an S. The young calves 
received 4-40 1. of milk/day. This was first increased to 6-15 1./day (point A) and then to 8-80 1./day (point B). 
Periods during which supplements were added to the diet are indicated [D (a): 7000i.u. of vitamin D,/day; 
D (b): 70 000 i.u. of vitamin D,/day; Mg: magnesium (as the chloride) equivalent to 10 mg./100 ml. of diet]. The 
magnesium content of the unsupplemented milk is shown in Fig. 1. 
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urine excretion of calcium greater than 1% of the 
intake. Since in addition appreciable hypercal- 
caemia was never observed, it seems unlikely that 
the calcium retentions at these levels of vitamin D 
intake were abnormally high. 


Clinical signs 

Calves 85 and 7 both suffered a number of con- 
vulsions during the period in which their plasma 
calcium was reduced to about 50% of normal. The 
animals suddenly collapsed, frequently while they 
were being fed, and remained almost motionless 
with their necks and legs stiff for periods varying 
from a few minutes to about a half an hour. Although 
the plasma magnesium was below normal in both 
the calves at this time (about 1-4-1-5 mg./100 ml.) 
such levels were never, at other times in our experi- 
ments in these or other calves, associated with 
convulsions. Since in addition the convulsions were 
unlike those previously reported for low-magnesium 
tetany (Blaxter, Rook & MacDonald, 1954) and 
restoration of plasma calcium by the addition of 
vitamin D to the diet immediately stopped the 
convulsions, it appears that the effect was due to 
hypocalcaemia rather than to hypomagnesaemia. 
None of the other animals showing hypocalcaemia 
was observed to have convulsions but restoration of 
plasma calcium by the addition of vitamin D to the 
diet was effected in all these calves before the 
plasma-calcium level dropped to 50% of normal. 
Apart from the low-caleium convulsions, none of 
the animals showed any obvious clinical signs until 
the plasma-magnesium level had dropped below 
about 1 mg./100 ml. They then usually showed 
some of the initial signs of hypomagnesaemia 
(Blaxter et al. 1954), 


apprehensive with twitching ears and staring eyes. 


becoming nervous and 


After they had been grossly hypomagnesaemic 
(plasma magnesium about 0-4—0-8 mg./100 ml.) for 


17 20 23 262917 20 23 26 


Fig. 5. 


3229 35 


about a month, the calves were sometimes found to 
be staggering or unable to stand. No convulsions 
were seen but may have occurred when the calves 
were not under observation. Calves 3, 6 and 7 died 
during the night at 33, 39 and 34 weeks of age 
respectively. Calves 1 and 4 were slaughtered when 
unable to stand at 29 and 46 weeks of age re- 
spectively. The other calves were slaughtered or 
transferred to other experiments without showing 
serious clinical signs of hypomagnesaemia. 


Growth 


If the weights of the calves that did not develop 
persistent disturbances plotted 
against the logarithms of their age, close agreement 


digestive were 
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Fig. 4. Increase in weight expressed against a logarithmic 


age scale of O, calves, 1, 3, 4 and 6 (mean values); 4, 
calves 85, 86 and 87 (mean values); @, calf 4; A, calf 5. 
Changes in the amount of milk fed (1./day) are indicated: 
A, 4-40 to 6-60; B, 4-40 to 6-15; C, 6-15 to 8-80; D, 8-80 to 
13-20. 





Calf 4 


4147 20 23 262932 38 


Age (weeks) 


Increase in weight expressed against a logarithmic age scale for periods during which the plasma magnesium of the 


calves fell below 0-8 mg./100 ml. Milk offered was 8-80 1./day in all cases. R, Subsequently refused part of diet; 


D, died; 8, slaughtered when unable to stand. 
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to a straight line was obtained for any one level of 
milk intake during most of the life of each calf after 
it was a few weeks old (Fig. 4). Within our limits the 
slope of the line increased with increasing milk 
intake. For each calf, the linear relationship con- 
tinued from the period in which magnesium was 
being absorbed efficiently and the plasma-mag- 
nesium level was normal into the period in which 
magnesium absorption was poor and the plasma- 
magnesium level was falling. Furthermore, during 
most of the experiment, no appreciable growth 
differences were observed between similarly fed 
calves which developed hypomagnesaemia rapidly 
and slowly respectively. Thus although no com- 
parison was made with milk-fed animals not de- 
veloping hypomagnesaemia, it seems likely that 


magnesium deficiency did not inhibit the growth of 


the calves during the period that the linear relation- 
ship persisted. It wds, however, observed that when 
gross hypomagnesaemia had developed (plasma 
magnesium about 0-4—0-8 mg./100 ml.), and shortly 
before the appearance of serious clinical signs, the 
growth rate sometimes fell abnormally without any 
reduction in milk intake (Fig. 5). 


DISCUSSION 


Figures for the distribution of magnesium in the 
bodies of calves and adult bovines (Hogan & 
Nierman, 1927) show that of the magnesium re- 
tained by a normal calf 60-80 % is laid down in the 
bone. The data of these workers also show that about 
99 % of the retained calcium is laid down in bone. 
Our own results on calves a few weeks old (un- 
published observation) and the results of Knoop, 
Krauss & Hayden (1939) on non-hypomagnesaemic 
calves about 8 months old both show that the cal- 
clum:magnesium ratio in bone is about 45: 1—55: 1. 
Consequently it can be calculated that a growing 
calf with a normal calcium metabolism would need 
to retain calcium:magnesium in a ratio between 
about 46:1 and 32:1 in order just to maintain this 
ratio in the bone and to supply the magnesium needs 
of the soft tissue. Milk fed in the 1955-56 experi- 
ments contained calcium and magnesium in the 
ratio of about 10:1 and calves receiving this milk 
with adequate vitamin D, and growing at a normal 


rate, have been shown to retain about 80-95 % of 


the dietary calcium. Thus it might be expected that 


a retention somewhere between about 20-30% of 


the intake would be sufficient just to satisfy the 
requirement of such calves for magnesium. 

Our balance experiments indicate therefore that 
for young calves up to about 5 weeks of age a milk 
diet provided more than adequate magnesium. The 
magnesium retention was greater than the above 
theoretically considerable 


deduced figure, and 


amounts of magnesium were excreted in the urine. 


ESIUM METABOLISM IN CALVES 


During this period the plasma-magnesium levels 
were normal. The subsequent appearance of hypo- 
magnesaemia in the calves as they got older was 
apparently due to the progressive decrease in their 
ability magnesium until the 
retention fell below a critical value. Our balance 
measurements were too infrequent to give any 
definite indication of this critical retention, but for 
calves 


to utilize dietary 


receiving milk with no supplementary 
magnesium the results were not inconsistent with 
the above theoretically derived figure of 20-30 % of 
the intake. It appears therefore that the rate at 
which any particular milk-fed calf develops hypo- 
magnesaemia is determined partially by the 
magnesium content of the diet but partially also by 
the rate at which the 


utilization occurs. 


decrease in magnesium 

As a consequence of the decrease in magnesium 
utilization, the minimum dietary requirement of 
a milk-fed calf for magnesium will, in general, in- 
crease greatly with age, and it seems that the figures 
of 13-5 and 16-18 mg./100 ml. of diet given by 
Blaxter et al. (1954) and Blaxter & Rook (1954) 
respectively as a measure of this requirement cannot 
be generally applied. These figures were derived 
from observations of plasma levels and balance data 
at unspecified ages on young calves fed on synthetic 
milk up to about 13 weeks of age. They appear from 
our results to be roughly applicable to some calves in 
the region of 8-14 weeks of age, but to be usually too 
high for younger calves (which excreted much 
magnesium in the urine on diets containing about 
this level of magnesium) and usually too low for 
older calves (which developed hypomagnesaemia 
on diets containing these and higher levels of 
magnesium). Huffman et al. (1941) also observed 
hypomagnesaemia in calves receiving milk diets 
than 13-5—-18 mg./ 
estimated a minimum require- 


containing more 
100 ml. and they 
ment of 30-40 mg./kg. body wt. (or about 30 
40 mg./100 ml. of diet when a milk intake of about 


magnesium 


10 % body wt. is assumed) more or less permanently, 
to protect milk-fed calves from hypomagnesaemia. 
This dietary level was presumably sufficiently high 
to allow adequate magnesium retention even with 
poor magnesium utilization similar to that which we 
observed in our older calves. It should be pointed 
out that, although the calves which we used for 
balance experiments often showed no retention of 
magnesium, an appreciable negative balance was 
never observed. Some magnesium must have been 
absorbed therefore, even with zero retention, in 
order to account for endogenous faecal excretion. 
Support for a magnesium requirement in the region 
of 30-40 mg./100 ml. of diet for older milk-fed 
calves is offered by our finding that an increase 
in the level of magnesium in the diet to about 
34 mg./100 ml. led to a marked recovery in the 
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plasma-magnesium level of grossly hypomag- 
nesaemic calves but an increase to about 22 mg./ 
100 ml. did not. 

The decrease in magnesium utilization as milk- 
fed calves get older could be brought about by a 
decrease in absorption or an increase in endogenous 
faecal excretion or a combination of both. Only if 
the changes involved were physiological would our 
results support the contention of Blaxter (1956) 
that hypomagnesaemia under these conditions is 
due simply to a shortage of magnesium in the diet. 

Thealternative, which on general groundsappears 
more likely, is that the changes were due, at least in 
part, to an abnormal condition arising from the 
particular properties of the milk diet. In view, 
however, of the lack of data on the endogenous 
faecal excretion of calves a few months old and on 
the ability of normally fed calves of this age to 
absorb magnesium, the question cannot at present 
be decided. 

The hypocalcaemia which occurred in some of our 
calves in the absence of a dietary supplement of 
vitamin D appeared to be due to the calves possess- 
ing a decreased ability to retain dietary calcium as 
they got older. Normal milk ¢ ontains little vitamin 
D (0-3-1-7 i.u./100 g. in winter and 2-4-3-8 i.u./ 
100 g. in summer; Bicknell & Prescott, 1953) and 
this disturbance in calcium metabolism might be 
considered to be due simply to vitamin D de- 
ficiency. However, two of our calves showed signs 
of faulty calcium metabolism with supplementary 
intakes of 7000i.u./day, and Parr (1957) has 
reported hypocalcaemia in milk-fed calves a few 
weeks old (body wt. about 40-50 kg.) receiving a 
daily vitamin D supplement of 430 i.u. It has been 
shown that on normal rations (grain and hay) calves 
do not develop rickets on daily vitamin D intakes of 
about 4-4-6-6 i.u./kg. body wt. and that even with 
daily intakes as low as 2-6—3-3 i.u./kg. body wt. 
hypocaleaemia does not occur despite slight 
clinical symptoms of rickets (Bechdel, Hilston, 
Guerrant & Dutcher, 1938; Thomas & Moore, 
1951). On similar rations calcium retention has 
been shown to be normal for calves receiving about 
450i.u. of vitamin D/day (Wallis, Palmer & 
Gullickson, 1935). It is possible therefore that the 
primary cause of hypocalcaemia in milk-fed calves 
is something other than a dietary deficiency of 
vitamin D, but that exceptionally large amounts of 
vitamin D can counteract whatever is responsible. 

The apparent correlation which was observed, in 
the absence of supplementary vitamin D, between 
changes in plasma calcium and magnesium levels 
respectively and, in the cases examined, between 
changes in calcium and magnesium retention 


respectively suggests the possibility of a related 
cause for the calcium and magnesium upsets. The 
reason for this is unknown. It is of interest that 
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Allcroft (1947) has reported that of 406 cows j 
developing hypomagnesaemia 75% also showed 
hypocalcaemia. 

It has been shown both for calves (Blaxter et al. 
1954; Parr, 1957 and our own unpublished observa- 
tions) and for rats (Cunningham, 1936) that soft 
tissues, unlike bone, are not depleted of magnesium 
even under the most advanced conditions of 
magnesium deficiency. The fact that the growth of 
our animals did not appear to be affected during the 
initial onset of hypomagnesaemia suggests therefore 
that during this period the magnesium requirements 
of the new soft tissues were being fully supplied, 
presumably at the expense of the bone stores. It 
seems probable that the reduced rate of growth 
observed in our grossly hypomagnesaemic calves 
corresponded to a time when their available 
magnesium stores were almost exhausted, a sug- 
gestion which is supported by the fact that this 
frequently formed a prelude to the appearance of 
serious clinical signs and death. Tufts & Greenberg 
(1938) found that inhibition of growth in rats ona 
magnesium-deficient diet did not occur until after 
clinical signs of magnesium deficiency had appeared. 


SUMMARY 


1. Calves were fed on diets consisting basically 
of whole milk for up to 46 weeks. At ages less than 
5 weeks they were shown to retain 39-54 % and to 
excrete in the urine 13-34 % of their dietary mag- 
nesium. 

2. The hypomagnesaemia, which sooner or later 
appeared as the calves got older, was shown to be 
associated with a progressive decrease in their | 
ability to utilize dietary magnesium. This decrease 
continued until little or no magnesium was retained 
or excreted in the urine. 

3. Hypocalcaemia, which also occurred in some 
of the calves when inadequate vitamin D was present 
in the diet, appeared to be associated with a decrease 
in their ability to utilize dietary calcium. This 
decrease may have been related to the decrease in 
their ability to utilize magnesium, but the addition 
of a high level of vitamin D to the diet led to a 
marked improvement in calcium utilization only. 
The amount of vitamin D required to restore and 
maintain normal calcium retention appeared, in 
some cases, to be exceptionally high. 

4. The changes in the plasma-magnesium and 
-calcium levels did not appear to be associated with 
any changes in the plasma inorganic-phosphorus 
level or in the proportions of plasma magnesium and 
calcium which were ultrafilterable. 

5. Growth of the calves appeared to be un- 
affected during the early stages of magnesium 
deficiency. It was, however, sometimes inhibited 
after a long period of gross hypomagnesaemia. 
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A New Type of Esterase in Hog-Kidney Extract 


By F. BERGMANN, RUTH SEGAL ann SARA RIMON* 
Department of Pharmacology, The Hebrew University-Hadassah Medical School, Jerusalem, I. srael 


(Received 24 January 1957) 


Among mammalian esterases, two different types 
have been distinguished in recent years: (1) 
esterases which are inhibited by certain organo- 
phosphorus compounds [the B-esterases of Aldridge 
(1953a)]; (2) hydrolytic enzymes which use the 
above inhibitors as substrates (the so-called A- 
esterases; Aldridge, 1953a). Activity of the first 
group of enzymes is based on the presence in the 
active centre of an imidazole group (Wilson & 
Bergmann, 1950; Bergmann, Segal, Shimoni & 
Wurzel, 1956) and probably serine (Schaffer, May 
& Summerson, 1953, 1954; Oosterbaan, Kunst & 
Cohen, 1955). The A-esterases, on the other hand, 
are believed to contain a sulphydryl group since 
they are sensitive to heavy metals, notably mercuric 
derivatives, to nickel and copper salts and are 
also inhibited to a certain degree by iodoacetate 
(Aldridge, 19536). However, the pH-activity 
curves for the hydrolysis of diethyl p-nitrophenyl 
phosphate by A-esterase from rabbit’s serum 
(Aldridge, 19536) and of diisopropyl phosphoro- 

* Part of a Ph.D. thesis submitted to the Faculty of 
Science, The Hebrew University, Jerusalem, Israel. 
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fluoridate (DFP) by the enzyme (DFPase) of hog 
kidney (Mounter, 1956) that hydrolyses DFP and 
other dialkyl phosphorofluoridates show a maxi- 
mum at pH 7-6, similar to cholinesterases and alli- 
esterases (Bergmann et al. 1956). These facts suggest 
that the active centres of A-esterases contain an 
imidazole ring as well as a sulphydryl group. The 
activity of both groups of esterases is thus based on 
the same fundamental principle, namely the 
presence of an imidazole ring, but is modified by 
the inclusion of either an alcoholic hydroxyl or a 
sulphydryl group. 

It appeared of interest to test the A-esterases 
against carboxylic esters. Aldridge (19536) has 
already reported that the enzyme from rabbit’s 
serum acts on a special group, namely p-nitrophenyl 
esters. We have investigated systematically kidney 
DFPase against carboxylic esters as substrates, and 
observed that a new type of esterase is present in 
addition to the A-esterase. Since, according to 
Aldridge’s nomenclature, A-esterases are not in- 
hibited by organophosphorus compounds and do in 
fact hydrolyse them, and B-esterases are inhibited 

Bioch. 1957, 67 
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by very low concentrations of organophosphorus 
compounds, the new enzyme is termed ‘C-esterase’, 
since it is not inhibited by organophosphorus com- 
pounds and does not hydrolyse them. 


MATERIALS AND METHODS 


Preparation of enzyme. DF Pase from fresh pig’s kidney was 
purified according to Mounter, Floyd & Chanutin (1953). 
However, owing to the lack of a Spinco centrifuge the pre- 
cipitates obtained at various stages of the procedure were 
separated in a Servall centrifuge at about 10 000 rev./min. 
This may be the reason why the fraction precipitated by 
10% ethanol contained only about 10 % of the total enzymic 
activity, whereas with between 10 and 30% ethanol about 
40% of the DFPase separated from the solution. Mounter 
et al. (1953) recovered 90% of the total activity in their 
fraction A-1, obtained by addition of 10% ethanol. In our 
experiments it was found expedient to collect at once the 
precipitate between 0 and 30% ethanol by centrifuging. 
Extraction with 0-025m-NaHCO, gave a dark-brown 
solution which, after centrifuging, served as enzyme 
source in all our experiments. The yield was 40-50 % of the 
DF Pase content of the original homogenate. The standard 
solution contained 20 mg. of protein/ml., as determined by 
precipitation with an equal volume of 20% (w/v) trichloro- 
acetic acid. When diluted 1:60, the enzyme produced 
17+1lpmoles of CO,/ml./hr. with 5x10-*m-DFP as 
substrate. 

For the determination of C-esterase, the enzyme was 
stored in a refrigerator for 12 hr. with 10-?mM-DFP, dissolved 
in the buffer described below. Activity was then measured 
against 0-4M-diacetin. Our ‘DFPase’ preparation, in a 
final dilution of 1:20, produced 6-5+0-5 ymoles of CO,/ml./ 
hr. 

Hydrolysis was measured at 37° by a manometric method, 
a buffer (Warburg) of the following composition being used: 
0-Im-NaCl, 0-04m-MgCl,, 0-026m-NaHCO, and 0-1% 
gelatin. The gas phase consisted of air-CO, (95:5). The pH 
of all solutions was adjusted to 7-4 before the experiment. 

Substrates. Diacetin, a gift of British Industrial Solvents 
Ltd., was stored in a desiccator over NaOH. p-Nitropheny] 
acetate, m.p. 81°, was shaken with buffer for 10 min. and the 
undissolved ester filtered off. The saturated solution con- 
tained approx. 1-7yumoles/ml., as determined by the 
hydroxamic acid method (Hestrin, 1949). 

Inhibitors. Sodium p-chloromercuribenzoate was a com- 
mercial product of Sigma Chemical Co., St Louis, Mo., 
U.S.A. 

Treatment with inhibitors (and activators) was carried 
out overnight in the cold unless stated otherwise. When a 
precipitate appeared during storage the mixture was centri- 
fuged and activity determined with the supernatant only. 
Inexperiments with phenylmercuric acetate it was necessary 
to remove all Cl” ion from the enzyme preparation before 
incubation, in order to prevent precipitation of the sparingly 
soluble phenylmercuric chloride. For such experiments the 
enzyme was dialysed in the cold against distilled water for 
1 hr. 

The J;, values, i.e. the concentrations of inhibitors pro- 
ducing 50% inhibition, were obtained graphically by 
plotting on semilogarithmic paper the percentage inhibition 
as a function of inhibitor concentration. The latter indicates 
final concentration whenever a reversible inhibitor was 





used. For irreversible inhibitors the figures refer to their 
concentrations in the incubation mixture with the enzyme. 


RESULTS 


Activity of hog-kidney extract against 
diisopropyl phosphorofluoridate and diacetin 


In Table 1 (a) the activities of a tissue homogenate 
and the purified enzyme towards DFP and diacetin 
are compared both before and after treatment with 
DFP. It is apparent that in the homogenate the 
major part of the hydrolytic activity towards 
diacetin can be abolished by DFP whereas, after 
purification, 60-90 % of the enzyme acting on this 
ester survives this treatment. Since the method of 
Mounter et al. (1953) was intended to concentrate 
DF Pase, it seemed possible that the DFP-resistant 
activity towards diacetin was in fact due to DF Pase 
itself. However, tests carried out with the dialysed 
enzyme [Table 1 (b)] showed that the DFPase lost 
a considerable part of its activity, in confirmation of 
the findings of Mounter (1956), whereas the rate of 
hydrolysis of diacetin remained unaltered. 

These observations could be interpreted in two 
ways. Either the DFPase requires a cofactor for 
DFP hydrolysis, which is dispensable for the 
diacetin, or else two different enzymes are involved. 
Other means were therefore sought to differentiate, 
if possible, between these two alternatives. 


Heat sensitivity of the enzymes in 
hog-kidney extract 


The effect on kidney DF Pase of short heating at 
45—55° has been studied by Mounter & Dien (1956). 
Fig. 1 shows the heat inactivation at 37° and 53° 


Table 1. Comparison of hydrolytic activities of 
hog-kidney homogenate and purified enzyme 


Enzyme solutions were stored in the cold room for 
24 hr. with 10-¢m-DFP. Dialysis was performed against 
Warburg buffer at +5° for 24hr. The figures indicate 
pmoles of CO, liberated/hr./ml. of undiluted enzyme 
solutions. 


(a) Before and after treatment with DFP 


Purified enzyme 
A 


Kidney homogenate 





es a ee ——— : ae 
After After 
treatment treatment 
Substrate Untreated with DFP Untreated with DFP 
DFP 41-5 41-5 1060 1040 
Diacetin 162-5 w15 185 125 
(b) Before and after dialysis 
Purified enzyme 
fae ee Oe: 
Substrate Untreated Dialysed 
DFP 1060 570 


185 180 


Diacetin 
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for the hydrolytic activities towards DFP and 
diacetin. In every case heat inactivation proceeded 
rapidly at the beginning but slowed down for 
longer heating times, so that the residual activity 
approached a more or less constant level. Neverthe- 
less the amount of precipitate increased steadily. 
It is evident that the reaction with DFP is more 
sensitive than that with diacetin. It was therefore 
concluded that the kidney extract, prepared 
according to Mounter (1956), contains a second 
hydrolytic enzyme different from DFPase which 
henceforth will be called ‘C-esterase’. 


Percentage activity 





TZFAES ETSI WNIT 
Time (hr.) 





0 2 © tb DB BS PB 
Time (min.) 


Fig. 1. Heat inactivation of kidney DFPase and C-esterase. 
Purified enzyme was first treated with DFP at +5° for 
12 hr. and then placed in a thermostat at 37° or 53°. After 
various periods, samples were transferred rapidly to an 
ice bath and centrifuged. Only the supernatant was used 
for measurement of enzymic activity. Substrates: for 
DFPase, 5 x 10-?m-DFP; for C-esterase, 0-4M-diacetin. 
Temp.: (a) 37°; (b) 53°. x, DFPase; @, C-esterase. 


Table 2. Effect of Mn?+ ions and histidine on 
DF Pase and C-esterase 


The enzyme was first treated with DFP, then dialysed 
against distilled water and incubated with 10-*m-MnCl, 
and 10-8 m-histidine for 30 min. at 37°. The figures indicate 
pmoles of CO,/ml./hr. 

Enzyme 
Substrate alone 
DFP, 5 x 10-°m 
Diacetin, 0-4M 


Enzyme + Mn*+ 
ion + histidine 
7-0 20-0 

5-1 4-95 
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Activation by manganese 


Manganous ions, especially in combination with 
heterocyclic compoundssuch as histidine, potentiate 
the activity of DFPase (Mounter et al. 1953). No 
effect on C-esterase could be detected (Table 2). 


Effect of heavy metals on C-esterase 


Additional support for the non-identity of DFP- 
ase and C-esterase was gained from inhibitor 
studies. Mercuric ions inhibit both enzymes within 
the same concentration range, but show a narrow 
zone of activation for DF Pase only, in confirmation 
of the observations of Mazur (1946), as shown in 
Fig. 2. On the other hand, Cu?+ ion was about ten 
times as effective against DFPase (Table 3). 

More striking differences were revealed by the 
organic mercurials. Phenylmercuric acetate (Fig. 3) 
and still more p-chloromercuribenzoate (Fig. 4) 
produce activation of C-esterase in a concentration 
range which is strongly inhibitory to DFPase. At 
higher concentrations the activating effect is 
progressively reduced and finally changes into 
inhibition. However, in the zone of decreasing 
activation cloudiness appeared, and with phenyl- 
mercuric acetate the protein gave increasing 
amounts of precipitate above 7:5x10-‘m. It is 
thus possible that the decrease of C-esterase 
activity beyond the optimum activation range is 
not a true inhibitory phenomenon but represents 
inactivation due to protein denaturation. 

Glutathione at high concentrations (5-8 x 10-*m) 
inhibited both enzymes, and this effect was com- 
pletely reversible by dialysis. However, this com- 
pound also partially restored DFPase inhibited by 
p-chloromercuribenzoate and decreased the activat- 
ing effect of this mercurial on C-esterase. Mounter 
et al. (1953) found 10-*m-glutathione to activate 
their DFPase preparation, an effect shared by other 
sulphydryl compounds. 








Fig. 2. Effect of Hg*+ ions on DFPase ( x ) and C-esterase 
(@). The horizontal, broken line at 100% represents the 
level of enzymic activity in the absence of Hg** ions. All 
points above this line indicate enzyme activation and all 
points belowit, inhibition. pJ = — log inhibitor concn. (M). 
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Table 3. Effect of inhibitors on DF Pase and C-esterase 


Enzyme, pretreated with DFP, was incubated with the inhibitor at 


DFP and 0-4Mm-diacetin. 


Isq (mM) for 


+ 5° for 12hr. Activity was tested against 5 x 10-*- 





Inhibitor DFPase 
Copper sulphate 3-5 x 10-5 
Mercuric acetate 2-7 x 10-5 
Phenylmercuric acetate 2-6 x 10-¢ 
p-Chloromercuribenzoate 6-6 x 10-¢ 
Glutathione 4x10-? 

Urea No effect until 8m 








Fig. 3. Effect of phenylmercuric ion on DFPase and C- 
esterase. x, C-esterase, as obtained in preparation VI 
only (not dialysed); O, C-esterase, as obtained in pre- 
parations I-V (preparation VI, after dialysis, also 
follows this curve); @, DFPase. The horizontal broken 
line indicates the level of standard activity for both 
enzymes. 


800 


ss 8 8 


Percentage activity 


8 





Fig. 4. Effect of p-chloromercuribenzoate on DFPase and 
C-esterase. The horizontal line indicates the standard level 
of activity for both enzymes. @, C-esterase (enzyme pre- 
paration no. VI), undialysed; O, same, after dialysis; 
x , C-esterase (enzyme preparations I-V), after dialysis; 
A, DFPase. 





C-esterase Remarks 


1-1 x 10-4 Cloudiness first observable at 3 x 10-4m 

3-2 x 10-4 Cloudiness at 10-*M; first precipitate at 
5x10-3m 

10-8 Cloudiness at 5 x 10-*; precipitate at 
7-5 x10-*m 

1-5 x 10-3 Cloudiness at 10-*u 

8 x 10-2 ees 

4-5 _ 


Table 4. Reversibility on dialysis of the activation 
of C-esterase by p-chloromercuribenzoate 


Enzyme, pretreated with DFP, was incubated at 5° with 
2 x 10-°m-chloromercuribenzoate. Part of the incubation 
mixture was dialysed in the cold against Warburg buffer 
for 72 hr. The control was an enzyme sample pretreated 
with DFP and then dialysed. Activity was tested against 
0-4m-diacetin. 


Activity 
(umoles of 
CO,/ml./hr.) 
Enzyme control 6 
Enzyme + chloromercuribenzoate 12-0 
Enzyme + chloromercuribenzoate, 9-2 


after dialysis 


Table 5. Influence of histidine and glycine on the 
inhibition of C-esterase by Cu?* ion 


Enzyme, pretreated with DFP, was incubated with 
2-5 x 10-*m-CuSO, and 10-*m-histidine or glycine, at +5° 
under the conditions specified below. Activity was tested 
against 0-4M-diacetin. 


Activity 
(umoles of 
Experimental conditions CO,/ml./hr.) 
Enzyme alone 6-5 
Enzyme + histidine 6-6 
Enzyme + Cu?+ ion 3-8 
Enzyme + Cu?+ ion; after 12 hr. incubation, 4:8 
histidine added 
Enzyme, incubated for 12 hr. with mixture 6-8 
of Cu?+ ion and histidine 
Enzyme + Cu*+ ion; after 12 hr. incubation, 3-8 
glycine added 
Enzyme, incubated for 12 hr. with mixture 4-1 


of Cu?+ ion and glycine 


High concentrations of urea were found to inhibit 
C-esterase, but had no effect on DF Pase. 

The inhibitory action of copper and mercury 
salts and of high concentrations of organic mercurials 
on C-esterase may lead to the assumption that this 
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enzyme, like DFPase, contains a sulphydryl group 
responsible for combination with heavy metals. 
However, additional experimental findings do not 
support this. First, the complex formed between 
C-esterase and 5 x 10-5m-p-chloromercuribenzoate 
can be slowly dissociated by prolonged dialysis 
(Table 4). Furthermore, when C-esterase was in- 
cubated with Cu?+ ion and then treated with histi- 
dine, the latter only slightly modified the inhibition. 
If, however, enzyme was added to a mixture of 
cupric salt and histidine, subsequent incubation for 
12 hr. did not produce any inhibition of C-esterase 
(Table 5). This effect is specific for histidine and is 
absent with other amino acids, e.g. glycine. The 
ability of the imidazole ring to form metal complexes 
is well known (Edsall, Felsenfeld, Goodman & 
Gurd, 1954; Li, White & Doody, 1954). The pro- 
tective effect of histidine can thus be explained. 
However, if the C-esterase combined with the Cu?* 
ion through a sulphur—metal bond, the enzyme 
should be able to abstract, during prolonged 
incubation, the metal from the histidine complex in 
solution. 


A possible cofactor requirement for C-esterase 


In five out of six kidney extracts the activity of 
C-esterase was not altered by dialysis. However, in 
one extract a very active preparation was obtained 
with the following characteristics: protein content, 
45 mg./ml.; DFPase activity, 715 moles of CO,/ 
ml./hr.; C-esterase activity (after treatment with 
DFP), 320 pmoles of CO,/ml./hr. 

Dialysis against Warburg buffer reduced the C- 
esterase activity by about 50%. No method was 
found to restore the original activity. Organic 
mercurials activated this undialysed enzyme about 
twice as much as the other preparations (see Figs. 3 
and 4). After dialysis of this particular preparation 
the activating effect of the mercurials became 
identical with that in the other cases. It is possible 
that these latter preparations had lost a cofactor in 
the purification procedure. Accordingly the enzyme 
containing the cofactor showed the same substrate 
specificity as all other preparations. 


Substrate specificity of C-esterase 

The pS-activity curves for a variety of carboxylic 
esters are shown in Fig. 5. n-Propyl chloroacetate 
has a higher affinity for C-esterase than n-propyl 
acetate. On the other hand, ethyl butyrate (not 
shown) was hardly attacked at all. Mono-, di- and 
tri-acetin in equivalent concentrations reacted at 
practically the same rate. p-Nitrophenyl acetate 
was attacked at about the same rate before and 
after inhibition by DFP. Special interest attaches to 
the question whether kidney DF Pase attacks this 
substrate, as claimed for rabbit’s serum by Aldridge 
(19536) and Mounter (1954). This could be decided 
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by using phenylmercuric acetate at a concentration 
which inhibits DFPase almost completely but is 
without influence on C-esterase. The results in 
Table 6 clearly demonstrate that all activity to- 
wards the p-nitrophenyl ester was due to C-esterase. 


DISCUSSION 


The new enzyme, which we have found in hog- 
kidney extract, differs from the known two types of 
esterases, the A- and B-esterases, in the following 
respects: (1) C-esterase is not inhibited by DFP. 
(2) C-esterase does not hydrolyse DFP, but attacks 
solely carboxylic esters. (3) C-esterase is activated 
by certain organic mercurials at concentrations in 
which no denaturating effect on the enzyme protein 
is visible. The activation can be abolished by pro- 
longed dialysis. (4) C-esterase is inhibited by heavy 
metals such as mercury or copper. Metal-complex- 
ing agents such as histidine compete with the 
enzyme for the inhibitor and thus may protect 


wu oO. Nw 


ry w +> 


CO? (pmoles/ml./hr.) 





Fig. 5. pS-activity curves for C-esterase. pS = —log 
substrate concn.; @, p-Nitrophenyl acetate; x, n- 
propyl chloroacetate; O, diacetin; A, isopropyl fluoro- 
acetate; ©, n-propyl acetate. 


Table 6. Evidence for the exclusive hydrolysis 
of p-nitrophenyl acetate by C-esterase 


Enzyme, pretreated with DFP, was dialysed against 
distilled water for 1 hr. and a sample was incubated at 
+5° with 4x10-4m-phenylmercuric acetate for 12 hr. 
The original enzyme, before and after treatment with 
DFP, served as controls. All enzyme samples were tested 
against both DFP and p-nitrophenyl acetate as sub- 
strates. 





Activity 
(umoles of CO,/ml./hr.) with 
ee pore eee ——_—— 
p-Nitrophenyl 
acetate DFP 
Experimental conditions (1-2x10-°m) (5x 10-*m) 
Original enzyme 8-4 13-5 
Enzyme + DFP 8-4 13-5 
Enzyme + DFP + phenyl- 8-3 Nil 


mercuric acetate 
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C-esterase against metal inhibition. (5) C-esterase 
is not activated by Mn?+ ions, with or without 
heterocyclic compounds. 

In addition, C-esterase may contain cofactors 
which are removable by dialysis. Lack of the co- 
factor(s) diminishes enzymic activity but does not 
abolish it or change the substrate specificity. These 
features are sufficient to differentiate C-esterase 
from the DF Pase also present in kidney extract. 

The only carboxylic esters studied previously as 
substrates of A-esterase are the derivatives of p- 
nitrophenol. Mounter (1954) has produced evidence 
that hydrolysis of DFP and p-nitrophenyl acetate 
is catalyzed by the same A-esterase of rabbit’s 
serum. He observed identical heat inactivation and 
identical inhibition by heavy metals for both sub- 
strates. Mounter’s observations are thus funda- 
mentally different from our own results on hog- 
kidney extract, since we have excluded any partici- 
pation of kidney DFPase in the hydrolysis of p- 
nitropheny] acetate (see Table 6). 

From the information available so far it is 
difficult to draw definite conclusions as to the 
structure of the active surface of C-esterase and the 
hydrolytic mechanism. The behaviour towards a 
variety of inhibitors suggests that. the enzyme 
forms rather stable metal complexes, which can, 
however, dissociate if another complexing agent 
competes with the active surface (Table 5) or if 
dissociation of the enzyme—metal combination is 
promoted by continuous removal of the metal by 
dialysis (Table 4). It has been shown by Tanford 
(1952) that metal binding by proteins such as serum 
albumin takes place preferentially through the 
imidazole ring of histidine. It is therefore con- 
ceivable that the active centre of C-esterase may 
include histidine as a specific component. The 
assumption that an imidazole group participates in 
the active surface does not, however, explain why 
some metal derivatives produce such pronounced 
activation of C-esterase. If the few tests carried out 
permit generalizations, the impression is gained that 
univalent ions of heavy metals in the form of organic 
derivatives form activated complexes, whereas 
combination with bivalent-metal ions produces 
inhibition. 

These conceptions are also in agreement with 
present knowledge about the hydrolytic activity 
of imidazole. Among all substrates which we 
have tested against C-esterase, p-nitrophenyl 
acetate shows the highest affinity (see Fig. 5). 
Bender & Turnquest (1957) found in their experi- 
ments on imidazole-catalysed hydrolysis that this 
same ester is split at the highest rate. 


At present, the assumption that imidazole 
represents an essential part of the active surface of 
C-esterase can only be considered as a working 
hypothesis. A more thorough attack on this 
problem will become possible when the enzyme has 
been separated from DF Pase and purified sufficiently 
to determine other properties, e.g. its pH—activity 
curve. 


SUMMARY 


1. Hog-kidney extract contains, in addition to 
the known enzyme (DF Pase) that hydrolyses diiso- 
propyl and other dialkyl phosphorofluoridates, an 
enzyme that hydrolyses carboxylic esters and that 
has been called ‘C-esterase’. 

2. C-esterase does not use diisopropyl phosphoro- 
fluoridate as either substrate or inhibitor. 

3. C-esterase is inhibited by certain heavy-metal 
ions and is activated strongly by certain organic 
mercurials. Manganese ions, on the other hand, 
have no effect. 

4. The relationship of C-esterase to A- and B- 
esterases is discussed. It appears possible that C- 
esterase too contains an imidazole ring in the active 
surface, similar to the other esterases of animal 
origin. 
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The Oxidative Activity of Particulate Fractions from Mosquitoes 


By O. GONDA, A. TRAUB anp Y. AVI-DOR 
Israeli Institute for Biological Research, Ness-Ziona, Israel 
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Watanabe & Williams (1951, 1953) were the first 
to perform biochemical studies on insect sarco- 
somes. Evidence was provided for the operation of 
the citric acid cycle in sarcosomes of the housefly 
Musca domestica (Sacktor, 1953, 1954, 1955; 
Chefurka, 1955) and of the blowfly Phormia regina 
(Lewis & Slater, 1954). It was also shown that 
oxidation is accompanied by the esterification of 
inorganic phosphate. The patterns of oxidation were 
further explored in the mitochondrial and super- 
natant fractions of the honey-bee Apis mellifera 
(Hoskins, Cheldelin & Newburgh, 1956). 

As part of a study on the metabolism of insects 
and on the mode of action of insecticides, the 
respiration and oxidative phosphorylation of 
washed particles obtained from the mosquito 
Aedes aegypti have been investigated. 


MATERIALS AND METHODS 


Colony of Aedes aegypti L. This was maintained by a 
slight modification of the method of Casanges, McGovern & 
Chiles (1949). The mosquitoes were kept at 28° and 80% 
relative humidity and fed on 5% sucrose solution and water. 

Materials. Nembutal [scdium ethyl-(1-methylbutyl)- 
barbiturate] was a product of the Abbott Laboratories. 
Reduced cytochrome c was prepared by the reduction of the 
commercial product with Na.S,O,, followed by aeration. 
All other materials used in the present investigation were 
the same as described elsewhere (Avi-Dor & Mager, 1956). 

Isolation of the respiratory particles. Mosquitoes (6 g.) of 
mixed sexes, 4-10 days old, were immobilized by cooling to 
0-3° and crushed for 3 min. with a cooled pestle and mortar. 
The procedure was carried out in the cold room (1°). The 
standard extraction medium (5 ml./g. of mosquitoes) con- 
sisted of sucrose (0-33m), human serum albumin (0-6%) and 
ethylenediaminetetra-acetic acid (EDTA, 10-4m) adjusted 
to pH 7-4 with NaOH. The resulting brei was squeezed 
through four layers of gauze and centrifuged at 600g to 
remove unbroken cells and cell fragments, and the particles 
remaining in the supernatant were sedimented at 8000 g for 
7min. After two washings with 70 ml. of the extraction 
medium the particles were suspended in the same medium 
so that 1 ml. contained 20-25 mg. (dry wt.) of the particles 
(‘respiratory particles’). A turbidimetric measurement was 
used as a rapid check of the particle concentration. Approx. 
35 mg. of particles was obtained from 1 g. of mosquitoes. 

‘Aged particles’ were obtained by incubating the respir- 
atory particles for various times at 30°, centrifuging at 
8000 g for 7 min. and resuspending in the original volume of 
extraction medium. 


‘Homogenized particles’ were prepared by disintegrating 
the standard preparation in a ‘ Virtis 45’ homogenizer at 0°. 
The additional treatment was the same as that for the ‘aged 
particles’. 

Measurement of oxidative phosphorylation. The main 
compartment of the Warburg flasks contained all the com- 
ponents with the exception of glucose and hexokinase. The 
latter components were added from the side arm after 
incubation for 7 min. Initial manometer readings were 
taken 2 min. after the addition and the O, uptake was 
followed for 30 min. The reaction was then stopped by 
adding 0-3 ml. of 50% (w/v) trichloroacetic acid, and the 
contents of the flasks were centrifuged. Inorganic phosphate 
was determined in samples of the supernatant by the method 
of Lowry & Lopez (1946). The controls, which served as a 
basis for the calculation of the esterified inorganic phos- 
phate, were deproteinized 2 min. after the addition of 
glucose and hexokinase. Correction was applied for the 
phosphate liberated from added adenosine triphosphate 
(ATP) by ATPase during the time of the experiment 
(6-7 pmoles of phosphate in 30 min.). 

Analytical methods. Nitrogen was determined according 
to Johnson (1941). The ATPase assay was carried out by 
determining the phosphate liberated from ATP under the 
standard conditions of the experiment. 

The reduced diphosphopyridine nucleotide (DPNH) was 
generated by a system containing 0-33umole of DPN, 
0-1 ml. of ethanol, 0-3 ml. of yeast alcohol dehydrogenase 
and 90 umoles of semicarbazide hydrochloride. The assay of 
the DPNase activity of the respiratory particles, and all 
other standard procedures used, were essentially the same 
as those previously described (Mager & Avi-Dor, 1956; 
Avi-Dor & Mager, 1956). 

All other methods are referred to in the text. 

RESULTS 

It was shown by Watanabe & Williams (1951) that 
a gentle grinding of the thorax of the blowfly results 
in the liberation of a considerable proportion of 
sarcosomes from the myofibrils. The integrity and 
activity of the isolated respiratory granules are 
conditioned by the composition of the extraction 
medium. To avoid shrinkage, swelling and fuzzy 
degeneration control of the tonicity by sucrose, and 
addition of protective agents such as proteins and 
ethylenediaminetetra-acetic acid (EDTA), was ad- 
vocated by various authors (Watanabe & Williams, 
1951, 1953; Slater & Cleland, 1953; Sacktor, 1954; 
Lewis & Slater, 1954). The effect of variations in 
the method of preparation of the particles from 
mosquitoes was therefore investigated. 
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Effect of the composition of the extraction medium 
and the reaction mixture 

The concentrations of sucrose or EDTA could be 
varied considerably in both the extraction medium 
and the final reaction mixture without affecting the 
rate of oxidation of «-oxoglutarate by the respir- 
atory particles (Table 1). Omission of the sucrose or 
the chelating agent resulted, however, in a lowered 
respiratory rate. Inclusion of human serum 
albumin or other proteins also proved to be favour- 
able. 


Effect of time of grinding, number of washings, 
ageing and homogenization of the particles 

Lewis & Slater (1954) found that blowfly sarco- 
somes were sensitive to variations in the time of 
grinding during the isolation procedure. With the 
mosquito, increasing the time of grinding from 1 to 
3 min. had no noticeable effect, and the yield of the 
respiratory granules was considerably higher 
(Table 2). Repeated washing of the particles did not 
affect the respiration. Ageing of the particles at 30 
lowered the rate of oxidation of «-oxoglutarate more 
than that of fumarate. Similarly, the oxidation of 
a«-oxoglutarate was more sensitive to mechanical 
injury caused by homogenization (Table 2). 


Cofactor requirements 


The standard particle preparation required only 
the addition of ATP and Mg?+ ions for the rapid 


oxidation of «-oxoglutarate. ATP could be re- 
placed partially by adenosine diphosphate or 
monophosphate and Mg?+ by Mn?+ ions. Calcium 
ions moderately inhibited the respiration (Table 3). 
Ageing of the particles increased the ATP and 
Mg?* ion requirement and necessitated the addition 
of DPN (0-06 pmole/fiask) to restore the full rate of 
respiration. Disruption of the particles in a 
‘Virtis 45’ homogenizer produced a phosphate- 
dependent system. The rate of oxidation of the 
substrates by the particle fragments increased with 
the phosphate concentration. Arsenate could be 
substituted for phosphate in approximately equi- 
molar concentration. In contrast with these 
findings, similar concentrations of arsenate slightly 
inhibited the respiration of the intact particles. In 
the damaged preparation coenzyme A stimulated 
the oxidation of «-oxoglutarate. Lipoic acid and 
cytochrome c had no effect. 


Oxidation of various substrates and oxidative 
phosphorylation 


The rate of oxidation of citric acid-ceycle members 
and related compounds is shown in Table 4. All the 
citric acid-cycle intermediates were utilized. It is 
noteworthy, however, that neither fB-hydroxy- 
butyrate nor choline chloride, which are usually 
oxidized by mammalian mitochondria, was meta- 
bolized. 

The P:O ratios obtained with the standard 


Table 1. Effect of the composition of the extraction medium and the reaction mixture on the uptake of oxygen 


Each flask contained 100 moles of 2-amino-2-hydroxymethylpropane-1:3-diol (tris) buffer, pH 7-4, 8 umoles of ATP: 
8pmoles of MgCl,, 0-33 umole of DPN, 30 moles of «-oxoglutarate, 0-5 ml. of a suspension of the respiratory particles 
(approx. 4 mg. of protein) and sucrose, EDTA and protein, as indicated. Total vol. 3 ml. The centre well contained 0-2 ml. 


of 20% KOH. Gas phase, air. Incubation temp., 28°. 


Extraction medium 


Sucrose Albumin EDTA Sucrose 


Reaction mixture 


Se N 


Albumin EDTA Uptake of O, 
(m) (%) (mM) (mM) (%) (m) (umoles/hr.) 
0 0-6 10-4 0-22 0-1 10-4 3-2 
0-22 0-6 10-4 0-22 0-1 10-4 8-5 
0-33 0-6 10-4 0-22 0-1 10-4 8-8 
0-50 0-6 10-4 0-22 0-1 10-4 8-5 
0-88 0-6 10-4 0-22 0-1 10-4 5-1 
0-33 0-6 10-4 0-06 0-1 10-4 9-1 
0-33 0-6 10-4 0-22 0-1 10-4 8-4 
0-33 0-6 10-4 0-33 0-1 10-4 8-1 
0-33 0-6 10-4 0-50 0-1 10-4 7-5 
0-33 0-6 10-4 0-88 0-1 10-4 6-5 
0-33 0-6 0 0-22 0-1 0 4-7 
0-33 0-6 0 0-22 0-1 10-4 6:1 
0-33 0-6 10-4 0-22 0-1 10-4 8-9 
0-33 0-6 10-3 0-22 0-1 10-4 7-0 
0-33 0-6 10-2 0-22 0-1 10-4 4-2 
0-33 0-6 10-4 0-22 0-1 10-4 9-0 
0-33 0-6 10-4 0-22 0-1 10-3 6-7 
0-33 0-6 10-4 0-22 0-1 10-2 3-5 
0-33 0 10-4 0-22 0 10-4 4-2 
0-33 0-6 10-4 0-22 0-1 10-4 8-5 
0-33 1-2 10-4 0-22 0-2 10-4 8-0 
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particle preparation were fairly constant (Table 5). 
The mechanically damaged phosphate-dependent 
preparation did not esterify inorganic phosphorus. 


Effect of inhibitors on respiration and 
oxidative phosphorylation 


The oxidation of «-oxoglutarate, succinate and 
DPNH was found to be sensitive to potassium 
cyanide (10-*m) and sodium azide (10-?m). Alkyl- 
ating SH reagents like iodoacetate, iodoacetamide 
and fluoropyruvate suppressed the oxidation of 
a-oxoglutarate, but did not reduce significantly the 
activity of the succinic oxidase or DPNH oxidase. 
In contrast with the selective inhibitory activity 
displayed by the alkylating compounds, p-chloro- 
mercuribenzoate, which forms mercaptides with 
thiol compounds, and “antimycin A inhibited the 
oxidation of all three substrates tested (Table 6). 

The classical uncoupling agent of oxidative 
phosphorylation, 2:4-dinitrophenol, disconnected 


Table 2. Effect of variations in the method of prepara- 
tion of the respiratory particles on the rate of uptake 
of oxygen 


The extraction medium contained 0-33M-sucrose, 0-6 % 
human serum albumin and 10-m-EDTA. The composition 
of the reaction mixture was: 0-22M-sucrose, 0-1 °% albumin, 
10-*m-EDTA, 100 moles of tris buffer, pH 7-4, 40 umoles 
of phosphate buffer, pH 7-4, 8 umoles of ATP, 8 umoles of 
MgCl,, 0-33 umole of DPN and 30 moles of the substrate 
(‘standard reaction mixture’). Homogenization and 
ageing of the particles were carried out as described in the 
Methods section. The amount of particles added, on the 
basis of dry wt., was approximately equal in each (12 mg.). 
Conditions of the experiments were otherwise as described 
in Table 1. 

Uptake of O, 
(wmoles/hr.) 
Treatment of ———___-*-_— 


Fumarate 


the particles a-Oxoglutarate 
Grinding 
1 min. 1% 7:8 
3 min. 7-2 7-6 
Homogenization* 
Low speed 5-9 7:8 
Medium speed 1-6 58 
High speed 0-6 4-1 
Washing 
Once 6-9 79 
Twice 6-7 7-6 
Three times 6°5 6-2 
Ageing 
None 6-3 7-6 
15 min. 5-4 71 
30 min. 0-4 5-0 


* Low speed means 15000 rev./min., medium speed 
30 000 rev./min., and high speed 45 000 rev./min., in a 
‘Virtis 45’ homogenizer. 
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nearly completely the respiration from phosphory]- 
ation at a concentration of 5x 10m. Nembutal 
was less effective in this respect, in accordance with 
the findings of Brody & Bain (1954) for mammalian 
brain mitochondria. Chloretone decreased the 
respiration and the phosphorylation nearly in the 
same proportion. Phosphorylation 
affected than respiration by the insecticide 2:2- 


was more 


bis-(p-chloropheny])-1:1:1-trichloroethane (DDT) 
(Table 7). 
Spectrophotometric demonstration of 
individual enzymes 
Spectrophotometric methods were used to 


demonstrate in the mosquito particles the presence 
of some of the enzymes which form part of the citric 
acid-cycle system in mammalian mitochondria and 
also some components of the terminal respiratory 
chain. The presence of a very active malic dehydro- 
genase could be shown by following the rate of 
decrease of optical density at 340 my on the addi- 
tion of oxaloacetate to a reaction mixture containing 
DPNH (Fig. 1). With malate as the substrate, a 
rapid increase of optical density at 240 my (see 
Racker, 1950) indicated a potent furmarase activity 
(Fig. 2). 

The oxidation of DPNH by 
particles could be revealed either by measuring the 
decrease of optical density at 340 my (Fig. 3) or by 
using cytochrome c (Fig. 4) or 2:6-dichlorophenol- 


the respiratory 


indophenol as electron acceptors (Fig. 5). 

Cytochrome oxidase activity was assayed by 
measuring the rate of oxidation of reduced cyto- 
chrome c at 550 my (Fig. 6). 


ATPase and DP Nase activity of the 
respiratory particles 

The respiratory particles showed significant 
ATPase activity. Under the standard conditions of 
the reaction (see Table 2), 1-7 zmoles of phosphate/ 
mg. of protein were split in 30 min. Omission of 
Mg?+ ions from the reaction mixture diminished 
slightly the ATPase activity (1-5 moles of phos- 
phate/mg. of protein), while replacement of the 
Mg?+ ions by an equimolar amount of Ca?* ions 
increased somewhat the rate of liberation of 
inorganic phosphate (2-2 »moles of phosphate/mg. 
of protein). 

Under the conditions of the experiment described 
in Table 2, approx. 50% of the added DPN dis- 
appeared (0-18 pmole) during incubation for 30 min. 
This activity is 30 times smaller than the value 
found for the rate of destruction of the pyridine 
nucleotide by guinea-pig-kidney mitochondria 
under similar conditions and is comparable with the 
DPNase activity of pig-heart-muscle preparations 
(Mager & Avi-Dor, unpublished results). 
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Table 3. Effects of phosphate, arsenate, cations and cofactors on the rate of uptake of oxygen 


The concentration of some of the components in the standard reaction mixture (see Table 2) was varied as indicated, 
and the effect of additional cofactors was tested. For the method of preparation of the untreated respiratory particles, 
aged particles (15 min. at 30°) and homogenized particles, see Methods section and Table 2. The amount of the particles 
added, on the basis of dry wt., was approximately equal in each (12 mg.). Conditions of the experiments were otherwise 
as in Table 1. AMP, Adenosine monophosphate; ADP, adenosine diphosphate; CoA, coenzyme A. 


Uptake of O, (umoles/hr.) 





c \ 
Untreated particles Aged particles Homogenized particles 





c ~ Cc ™ Y 
Conen. a-Oxo- a-Oxo- a-Oxo- 
Variable component (umoles) glutarate Fumarate glutarate Fumarate glutarate Fumarate 

Phosphate 0 8-0 9-0 7-0 8-3 1-5 1-7 
5 — —_ — _ 3-7 4-1 
10 — — — — 4-0 5-2 
40 8-1 9-1 7-1 8-3 5-0 6-2 
100 76 8-8 68 8-8 4-9 59 
Phosphate replaced by arsenate 10 ~- _ —_ -—- 2-5 3:0 
40 6-0 6-8 58 6-2 4-1 5-1 
MgCl, 0 48 5-1 3-0 4-0 1-7 2-4 
2 6-8 7-6 58 7-6 45 4-5 
8 8-0 9-0 7-2 8-0 5-0 5-1 
20 8-0 8-8 7-0 8-2 5-0 4:8 
MgCl, replaced by CaCl, 8 3-1 4-2 1-8 33 1:8 1-8 
MgCl, replaced by MnSO, 8 5-4 6-2 4-1 5-1 3-4 3-2 
DPN 0 7:3 6-8 4-1 3-3 2-0 1-5 
0-06 7-4 8-3 7-0 7:8 4:8 3°8 
0-33 7:8 8-3 7-2 8-2 5-0 5-0 
0-66 7-8 8-2 78 8-3 6-5 6-2 
ATP 0 2-7 3-1 1-2 23 2-3 1-7 
3 6-9 8-4 58 6-8 2-1 3°6 
8 8-2 8-8 7-2 8-3 5-0 56 
ATP replaced by AMP 8 5-5 4-6 5-0 4-3 4-6 4-2 
ATP replaced by ADP 8 7-2 7-0 6-8 7-0 4:8 4-6 
CoA 0 8-1 8-8 7-2 7:8 5-0 6-2 
500 ug. 7-9 8-6 7-4 7-6 7-6 6-3 


Table 4. Oxidation of citric acid-cycle intermediates 
and related compounds by respiratory particles 


Table 5. Oxidative phosphorylation 


The main compartment of each flask contained the com- 
ponents listed in Table 2. Glucose (100 umoles) and hexo- 
kinase (100 K.M. units*) were added from the side arm after 
incubation for 7 min. at 28°. Determination of the in- 
organic phosphate esterified was carried out in the way 


The composition of the reaction mixture was as in 
Table 2. Conditions of the experiment were as in Table 1. 


Uptake of O, 


Substrate s/hr. gre ; : 
_ (pmaclea/he.) referred to under Methods. Conditions of the experiment 
Acetate 3-8 were otherwise as in Table 1. 
Eyruvate 38 Inorganic 
— “. #4 Uptake . phosphorus 
(+)-isoCitrate 4-2 of 0 esterified 
fe comrega” 78 (ug.-atoms/ (yg.atoms/ Ratio, 
a ro Substrate 30 min.) 30 min.) P:O 
Senitnake 8-5 a-Oxoglutarate 78 17-9 2-3 
Fumarate 9-2 Succinate 8-5 12-0 1-4 
L-Malate 6-9 L-Malate 6-9 11-0 1-6 
Oxaloacetate 3-7 


B-Hydroxybutyrate 
Choline chloride 
None 


oo° 
SSS 


* Kunitz & McDonald (1946). 
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Table 6. Effect of inhibitors on the respiration of the standard particle preparation 


Standard reaction mixture was as described in Table 2. The inhibitors were added at the concentrations indicated. 


Conditions of the experiment were otherwise as in Table 1. 


Conen. of inhibitor 


Inhibition of the rate of uptake of O, (%) 





cs —" 
Inhibitor (M) (ug-/ml.) a-Oxoglutarate Succinate DPNH 

KCN 10-4 =: 38 54 31 
10-3 oo 62 85 77 

NaN, 10-3 _ 25 15 10 
10-2 a 96 78 45 

Malonate 10-3 — 28 38 10 
10-2 -- 43 83 15 

Arsenite 10-4 — 65 0 0 
10-3 “= 84 15 10 

Todoacetate 10-4 — 55 0 10 
10-3 _- 96 10 20 

Iodoacetamide 10-4 — 54 0 25 
Fluoropyruvate 10-4 — 42 15 30 
p-Chloromercuribenzoate 10-5 — 42 48 68 
10-4 — 96 100 88 

Antimycin A — 0-03 0 0 0 
— 0-10 62 68 78 

— 0-2 68 86 81 


Table 7. Effect of inhibitors on oxidative phosphorylation 


Substrate: 30 pmoles of «-oxoglutarate. The inhibitors were added to the standard reaction mixture (see Table 5) at the 
concentrations indicated. Conditions of experiment were otherwise as in Table 1. 


Inorganic 
Conen. of phosphorus 
inhibitor Uptake of O, esterified Ratio, 

Inhibitor (m) (ug.atoms/30 min.) (yg.atoms/30 min.) P:0 
None — 10-7 24-2 2-2 
2:4-Dinitruphenol 10-4 10-0 0-0 0-0 
5 x 10-5 10-3 1-8 0-2 

10-5 10-7 12-5 1-2 

5 x 10-6 11-2 26-0 2-3 

DDT 3x 10-* 5-4 0-7 0-2 
10-4 9-7 12-6 1:3 

10-5 10-6 21-2 2-0 

10-* 10-7 25-7 2-2 

Chloretone 3 x 10-3 5-2 7-8 1-5 
10-3 10-6 19-7 1-8 

10-* 10-6 24-4 2-3 

Nembutal 10-3 4:3 0-0 0-0 
10-4 9-6 1-8 0-2 

5x 10-5 10-5 17-4 1-6 

10-5 10-6 24-2 2-2 


DISCUSSION 


The large number of mosquitoes necessary for the 
preparation of the respiratory particles made the 
separation of the head and abdomen from the 
thorax impracticable. Microscopic observations 
showed, however, that the sarcosomes of the 
thorax contributed the largest fraction of the 
granules present. In general, the particle prepara- 





tion obtained from Aedes aegypti resembled in its 
properties the respiratory particles derived from 
other insects (Sacktor, 1954, 1955; Lewis & Slater, 
1954). All the citric acid-cycle intermediates were 
oxidized and the respiration was linked to phos- 
phorylation. For obtaining maximal rates of oxida- 
tion and phosphorylation, regulation of the tonicity 
of the medium and addition of protective agents 
(EDTA, serum albumin) were found to be necessary. 
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Fig. 1. Malic dehydrogenase activity. Each cell contained 
30 moles of phosphate buffer, pH 7-4, and the particle 
preparation (0-02 mg. of protein). Total volume, 3 ml. 
At zero time 0-33 zmole of DPNH was added; @, 5 wmoles 
of oxaloacetate were added at 1 min.; O, no oxaloacetate 
was added. The control cell contained water. 
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Fig. 2. Fumarase activity. Composition of the reaction 
mixture was as in Fig. 1. At zero time 20 moles of L- 
malate were added. The control cell contained water. 
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DPNH oxidase activity. 


Fig. 3. Each cell contained 


30 umoles of phosphate buffer, pH 7-4, 8 umoles of ATP, 
8 pmoles of MgCl,, and the particle preparation (0-13 mg. 
of protein). Total volume, 3 ml. At zero time 0-66 wmole 
of DPNH was added; O, KCN (3 moles) added; @, no 
KCN added. The control cell contained all the components 
except DPNH. Disappearance of DPNH was followed at 
340 mu. 
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Fig. 4. DPNH-cytochrome c reductase activity. Each cell 


contained, in addition to the components indicated in 
Fig. 3, 0-74 umole of oxidized cytochrome c. O, No sub- 
strate added; A and A, 0-66 pmole of DPNH; 0 and gm, 
10 pmoles of succinate; A and m, KCN (3 wmoles) added; 
A and (1, no KCN added. The control cell contained all 
the components with the exception of the substrate. 
Reduction of cytochrome c was followed at 550 muy. 


0-6¢ —o-—__o—__ -o-—__o—_—o——_< 


~ 05 
3 
3 
ul 0-4 
0 1 2 3 
Time (min.) 
Fig. 5. Diaphorase activity. Each cell contained, in addi- 


tion to the components indicated in Fig. 3, 0-15 wmole of 
2:6-dichlorophenolindophenol. @, KCN _ (3 pumoles) 
added; O, no KCN added. The control cell contained all 
the components with the exception of the dye. Reduction 
of the dye was followed at 600 mp. 
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Fig. 6. Cytochrome c oxidase activity. Each cell contained, 


in addition to the components indicated in Fig. 3, 0-5 p- 
mole of reduced cytochrome c. O, KCN (3 pmoles) added; 
@, no KCN added. The control cell contained all the 
components with the exception of reduced cytochrome ¢. 
Oxidation of cytochrome c was followed at 550 muy. 
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Though the oxidation of the various substrates 
by the undamaged particles required only ATP and 
magnesium, the mechanically injured granules 
displayed a need for phosphate, DPN and increased 
concentrations of ATP and magnesium. In addition 
to these cofactors, supplementary coenzyme A 
accelerated the rate of oxidation of «-oxoglutarate 
in the injured granules. Arsenate in equimolar 
amounts could replace phosphate in the damaged 
preparation, but was slightly inhibitory with the 
intact, phosphate-independent particles. As the 
accelerating effect of arsenate was apparent only in 
the injured, non-phosphorylating preparation, it 
could not act as a substitute for phosphate in 
oxidative phosphorylation (cf. Crane & Lipmann, 
1953). The requirement for relatively high phos- 
phate concentrations seems to be a distinctive 
feature of damaged subcellular units, as it was also 
shown by pig-heart succinic oxidase preparations, 
obtained under rather drastic experimental condi- 
tions (Keilin & Hartree, 1949). 

The effect of inhibitors on respiration and on 
oxidative phosphorylation was similar to that 
reported for mammalian mitochondria (Brody & 
Bain, 1954; Dianzani & Scuro, 1956; Avi-Dor & 
Mager, 1956); however, all the phosphorylation 
linked to oxidation of «-oxoglutarate was abolished 
by 10-*m-2:4-dinitrophenol. If the higher P:O 
ratio obtained with this substrate, compared with 
that observed with malate, indicates phosphoryl- 
ation at substrate level, the latter should also be 
sensitive to 2:4-dinitrophenol in this case. The 
insecticide DDT inhibited the phosphorylation at 
lower concentrations than those at which it inhibited 
the respiration. This is in agreement with the 
findings of Sacklin, Terriere & Remmert (1955) in 
housefly sarcosomes. 


SUMMARY 


1. Respiratory particles obtained from the 
mosquito Aedes aegypti L. oxidized all the citric 
acid-cycle intermediates and showed oxidative 
phosphorylation. 

2. Particles prepared by a mild extraction pro- 
cedure showed no cofactor dependence, except a 
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requirement for adenosine triphosphate and Mg?+ 
ions. Mechanical injury produced a preparation 
dependent on phosphate, diphosphopyridine nucleo- 
tide and coenzyme A. Arsenate could replace 
phosphate in the latter preparation in equimolar 
amounts. 

3. The effect of inhibitors on respiration and 
phosphorylation was investigated. All the phos- 
phorylation linked to the oxidation of «-oxo- 
glutarate was abolished by 10-4m-2:4-dinitro- 
phenol. The phosphorylation was more affected 
by 2:2-bis-(p-chloropheny])-:1:1:1-trichloroethane 
(DDT) than was the respiration. 


The authors are indebted to Dr Rachel Galun and her 
collaborators for guidance in selection and maintenance of 
the test organisms. 
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Effects of 5-Halogenated Uracils on the Growth of Escherichia coli 
and their Incorporation into Deoxyribonucleic Acids 


By D. B. DUNN anp J. D. SMITH 
Agricultural Research Council Virus Research Unit, Molteno Institute, Cambridge 


(Received 21 January 1957) 


A variety of structural analogues of purines and 
pyrimidines are known to affect the growth of 
viruses, bacteria and other micro-organisms, plants 
and animals. Some of these may exert their action 
through being incorporated into nucleic acids in 
place of the natural purine or pyrimidine. Such 
examples are: 8-azaguanine, a structural analogue 
of guanine, which has been shown to replace 
guanine in the ribonucleic acid (RNA) of tobacco- 
mosaic virus (Matthews, 1953), and is incorporated 
into the RNA of turnip-yellow-mosaic virus 
(Matthews, 1955), of several micro-organisms 
(Henrich, Dewey, Parks & Kidder, 1952; Lasnitzki, 
Matthews & Smith, 1954; Matthews & Smith, 
1956), of both mouse tumour and normal tissues 
(Mitchell, Skipper & Bennett, 1950; Mandel, Carlo 
& Smith, 1954; Lasnitzki et al. 1954), and 2- 
thiouracil which is incorporated into the nucleic 
acid of tobacco-mosaic virus (Jeener & Rosseels, 
1953; Matthews, 1956). 


i i 
Oo CH, C Br 
HN~ ~C~ HN~ ~o~ 
| il  - 
wr CH 07 Sn“ 
H H 
Thymine 5-Bromouracil 


5-Bromouracil (whose structure is shown above), 
5-iodouracil and 5-chlorouracil may be _ con- 
sidered as structural analogues of thymine where 
the methyl group has been replaced by a halogen 
atom. 5-Bromouracil inhibits the growth of 
Lactobacillus casei (Hitchings, Falco & Sherwood, 
1945; Hitchings, Elion & Falco, 1950), Streptococcus 
faecalis R (Weygand & Wacker, 1952; Weygand, 
Wacker & Dellweg, 1952; Prusoff, 1954), Lacto- 
bacillus leichmannii and Lactobacillus arabinosus 
(Bardos, Levin, Herr & Gordon, 1955) and vaccinia 
virus (Thompson et al. 1949), and in most instances 
the inhibition is reversed by thymine. Weygand 
and his co-workers (1952) showed that, after the 
growth of Strep. faecalis R in a medium containing 


5-bromouracil labelled with the radioactive isotope 
82Br, a radioactive substance with some of the pro- 
perties of 5-bromouracil could be isolated from the 
nucleic acids after hydrolysis. They concluded that 
5-bromouracil was incorporated into the bacterial 
deoxyribonucleic acid (DNA), although they did 
not actually demonstrate which nucleic acid con- 
tained the analogue. 

We have studied the effects of the 5-halogenated 
uracils on the growth of two strains of Escherichia 
coli and their bacteriophages and have shown that 
they are incorporated into the DNA of both the 
bacteria and viruses, quantitatively replacing 
thymine residues (Dunn & Smith, 1954). At the 
same time Zamenhof & Griboff (1954) were inde- 
pendently studying the effect of 5-bromouracil on 
several strains of H. coli and also showed that this 
analogue was incorporated into the bacterial 
deoxyribonucleic acid. 

In this communication we shall describe in detail 
the effects of the halogenated uracils on the growth 
of bacteria and bacteriophage and the isolation of 
the nucleotides and nucleosides of these substances 
from deoxyribonucleic acids. 

As Weygand & Wacker (1952) found that a small 
proportion of 5-bromouracil was incorporated into 
E. coli under normal conditions, we examined the 
effect of the analogues in conditions where the 
bacteria were dependent on a supply of thymine for 
their growth. For this we used either H. coli strain 
B/r, which normally does not utilize thymine but 
which may be made thymine-dependent for its 
growth by cultivation in a sulphanilamide-contain- 
ing medium (Winkler & de Haan, 1948), or a 
thymine-requiring strain of H. coli, 15T, which has 
been isolated and studied by Barner & Cohen 
(1954); Cohen & Barner (1954, 1955). 


EXPERIMENTAL 
Growth of bacteria and bacteriophages 


Basal medium. Escherichia coli strain B/r and strain B 
were grown in the following medium (A): KH,PO,, 13-6 g.; 
(NH,),SO,, 3-3g.; NaOH, 2-4g.; MgSO,,7H,O, 0-4¢.; 
CaCl,, 0-01 g.; FeSO,,7H,O, 0-0005 g., made up to 1 1. with 
water. Sterile 40% (w/v) glucose was added after auto- 
claving to give a final concentration of 1%. #. coli 15T™ 





DL-s 
iy 









2e 


ne 


ial 


ail 


th 
2e8 


all 
ito 
phe 
the 
for 
ain 
put 

its 
in- 
a: 
has 
1en 


n B 
 g.5 
t g.; 
vith 


uto- 
5T 





| 





Vol. 67 


was grown on the same medium supplemented with various 
amounts of thymine, 2-5 mg./l. being the minimum require- 
ment of this organism under our conditions. 

Bacteria were grown at 37°, either in 51. bottles with 
vigorous aeration from an air compressor, or in flasks on a 
rotary shaker (175 rev./min. with a 2 in. diam. movement). 
On harvesting, the culture was chilled to 4° and the bacteria 
were sedimented by centrifuging and washed either in 
0:14m-NaCl or in 0-1M-sodium citrate, pH 7-3. 

Bacteria inhibited by sulphanilamide. Whereas the in- 
hibition of Z. coli B/r by 5-bromouracil was observed in a 
synthetic medium similar to that described by Rutten, 
Winkler & de Haan (1950) (Table 1), it was found preferable 
to replace the amino acids by a vitamin-free casein hydro- 
lysate as this modification considerably increased the 
growth rate of the bacteria (Table 1). H.coli B/r was grown 
therefore in medium §, which consisted of medium A supple- 
mented as follows: sulphanilamide, 1 mg./ml.; vitamin-free 
casein hydrolysate (Difco, or prepared as described by 
Barton-Wright, 1952), 1 mg./ml.; xanthine, 25 mg./l.; and 
varying amounts of thymine. For some of the bacteriophage 
experiments the xanthine in medium §S was replaced by 
25 mg. of adenine/l. Under these conditions adenine is 
slightly inhibitory to the growth of the bacteria (Shive & 
Roberts, 1946; Winkler & de Haan, 1948), but it was found 
that the growth rate of the bacteria was similar to that in the 
xanthine medium if 5 mg. of DL-tryptophan/l. was also 
added to the medium. This apparent antagonism between 
adenine and tryptophan does not appear to have been 
observed previously. 

As it was found that EZ. coli B/r inhibited by 5-bromouracil 
in medium § continued to grow to their normal maximum 
density, even when the inhibitor was added at about 105 
cells/ml., it was possible to grow cultures of the organism in 
solid medium in Roux flasks, the analogue being incorpor- 
ated into the agar medium before autoclaving. This method 
did not give higher yields per volume of medium than the 
liquid culture (approx. 3 mg./ml.) and required 72 hr. 
incubation to give maximum yields, so it was used only for 
one preparation. 

Since Z. coli grown on nutrient agar or nutrient broth was 
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expected to contain considerable quantities of p-amino- 
benzoic or folic acids, which can reverse the sulphanilamide 
inhibition (Winkler & de Haan, 1948), the bacteria were 
cultured on medium A and then on medium § before being 
used for the experiments. This method resulted in bacteria 
dependent on thymine for their growth, but by using only 
one cycle of growth in medium S, we avoided the selection of 
mutants resistant to sulphanilamide. The following pro- 
cedure was that adopted for the preparation of inocula. Two 
drops from an 18 hr. culture of Z. coli B/r in medium A were 
added to 4-5 ml. of one-quarter strength Ringer solution 
(Locke), resulting in a dilution of approx. 1/100. Ten drops 
of this dilution (containing about 2 x 10° bacteria) were added 
to 100 ml. of medium § containing 10 mg. of thymine/|. The 
bacteria were grown aerobically at 37° for 24 hr., in which 
time the density reached approx. 10° bacteria/ml. This 
culture was used as the inoculum for growth and incorpora- 
tion experiments, being added to give about 10® cells/ml. 
(The growth rate of the bacteria in medium S was greatly 
increased for 0-5-1-5 hr. after inoculation. The reason for 
this increase in growth rate has not been determined but the 
increase was found to be more pronounced when the in- 
oculum had been grown under partial anaerobic conditions 
in non-shaken flasks.) 

Bacteriophages T 2r and T'5. These were prepared by lysis 
of E. coli B/r in medium 8. The proportions of thymine and 
5-halogenated pyrimidine present during phage and 
bacterial growth will be described in the next section. 
Bacteria were infected with an average of two bacterio- 
phages/cell at a bacterial density of 1-5 x 10° cells/ml. 

Bacteriophage T'2r*. Bacteriophage T 2r* produced only 
partial lysis of Z. coli B/r in medium 8, but complete lysis 
was obtained in a similar medium containing only 0-25 mg. 
of sulphanilamide/ml. and 5 mg. of thymine/ml. (medium 
$1). Similarly Rutten et al. (1950) noted that the bacterio- 
phages T2, T4 and T6 would not multiply on Z. coli B in 
the presence of more than 0-25 mg. of sulphanilamide/ml. 
They do not indicate whether they used the r or r* strain. 
These observations are true only of bacteria grown in 
medium § for a sufficient length of time to become thymine- 
dependent. 


Table 1. Growth of E. coli B/r in the presence of variable amounts of thymine and 5-bromouracil 


Tubes containing 10 ml. quantities of medium were inoculated with one drop each of a dilution of Z. coli B/r grown in 
medium A (about 2 x 10° bacteria/tube were added) and incubated at 37°. The amount of growth, determined from the 


optical density, is expressed as the equivalent bacterial density (cells/ml. x 10-8). 


Inhibited cultures contained 10-?m-5- 











bromouracil. 
Control cultures Cultures with 5-bromouracil 
oo OF 7 ——A—_—————_————,, 
Thymine Incubation time (hr.) 
concn. ¢ on - - —, 
Medium* (mm) 24 48 72 24 48 72 
A 0 15-9 23-5 -— _- — — 
SS 0 0-0 0-0 0-0 ~- _ _— 
SS 0-08 — 2-6 14-7 —- oa 0-8 
8 0 0-0 2-0 15-9 — — sien 
S 0-04 6-1 22-0 — — 7-4 13-6 
S 0-08 7-9 18-3 — 1-1 13-6 — 
S 0-24 13-1 21-2 -— 3-0 14-2 — 
Ss 0-40 13-6 21-2 —— 4-3 15:3 — 
Ss 0-79 13-1 17-7 — 7-0 15-9 — 


* Medium SS = medium A supplemented with (per 1.): sulphanilamide (1g.), xanthine (25 mg.), DL-methionine (35 mg.) 


DL-serine (15 mg.), DL-valine (20 mg.). 
For media A and § see above. 


> 
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T2 was purified by the method of Herriott & Barlow 
(1952). T5 was isolated by alternate cycles of low-speed 
centrifuging (15 min. at 3300rev./min.) to sediment 
bacterial debris, and high-speed centrifuging (45 min. at 
12 000 rev./min. in the Sorvall SS1 centrifuge) to sediment 
the virus. After sedimentation, the virus was resuspended 
in one-quarter strength Ringer’s solution. Both prepara- 
tions were incubated with ribonuclease and deoxyribo- 
nuclease to remove non-viral nucleic acids before the final 
cycle of centrifuging. 


Addition of analogues 


The 5-halogenated uracils were dispensed as 0-2M-solu- 
tions in 0-4N-KOH and added to the media at bacterial 
densities from 0-5-5-0 x 108 bacteria/ml. to give the required 
concentrations. As the media contained 0-1M-phosphate 
the small quantities of alkali added made a negligible 
change in the pH. 

Bacterial growth. This was measured by determining the 
optical density of cell suspensions with a Gallenkamp 
Direct-Reading photoelectric colorimeter (no. 3615) and 
an Ilford violet-light filter (no. 621). These density measure- 
ments were converted into equivalent bacterial counts by 
means of a calibration curve constructed from values 
obtained with dilutions of a culture of E. coli B/r grown on 
medium A, and microscopic counts on the same culture. 
A similar calibration curve was constructed to convert the 
density values into bacterial dry weights. 

Colony counts. Colonies were counted by the spreading 
technique on nutrient-agar plates and bacteriophage plaques 
by the double-layer technique of Gratia (1936). Viable-cell 
counts were also made by the urea—agar method of Valentine 
& Bradfield (1954). 


Isolation of deoxyribonucleic acids 


E. coli strains. Some preparations were isolated by a 
modification of a method described by Gandelman, Zamen- 
hof & Chargaff (1952). The cells were washed three times in 
0-1 m-sodium citrate buffer, pH 7-3, and frozen. The thawed 
cells were ground with glass (Pyrex) powder at 4° in the 
citrate buffer. The extract was centrifuged for 30 min. at 
12 000 rev./min. in the Sorvall SS 1 and the pellet extracted 
in 2m-NaCl at 4° for 18 hr. After centrifuging, a second 
extraction with 2mM-NaCl sufficed to remove most of the DNA 
from the cell debris. The combined extracts were precipitated 
with 2 vol. of neutral ethanol, the fibrous precipitate was 
dissolved in 2M-NaCl and protein removed by chloroform- 
gel formation (Sevag, Lackman & Smolens, 1938). Two 
volumes of ethanol were added to the deproteinized solution 
and the precipitated nucleic acids dissolved in 0-14m-NaCl 
and incubated with ribonuclease at 37° for 1 hr. The solution 
was dialysed against m-NaCl to remove the products of 
ribonuclease digestion. The DNA within the cellophan bag 
was then precipitated with 2 vol. of neutral ethanol and the 
fibres were washed in 75% (v/v) ethanol—water. 

Preparations of DNA were also made by the method of 
Smith & Wyatt (1951). As the removal of protein by 
chloroform-gel formation has been found to produce some 
fractionation of DNA from £. coli 15T” (Dunn, unpub- 
lished work), in some of the preparations of DNA from this 
organism protein was removed by purified trypsin. Com- 
mercial trypsin (Hopkin and Williams Ltd.) was dissolved in 
0-25n-HCl and then fractionally precipitated twice with 


(NH,),SO,, the fraction precipitated by 70% saturation 
being retained but not that precipitated by 40% saturation 
(Kunitz & Northrop, 1936). The resulting material was free 
from significant amounts of ultraviolet-absorbing material 
and from deoxyribonuclease. The enzyme was dissolved in 
water (50 mg./ml.) and stored at — 30°. The DNA extracts 
were incubated for 18 hr. at 30° with the purified trypsin in 
0-1 m-sodium citrate buffer, pH 7-5, chloroform being added 
to prevent bacterial contamination. After freeing the 
citrate solution of insoluble material by centrifuging, the 
DNA was precipitated by adding an equal vol. of 0-1M- 
MgSO,, sufficient acetic acid to bring the mixture to below 
pH 6-0 and then twice the resulting volume of ethanol. It 
was washed twice with 60% (v/v) ethanol—water, de- 
hydrated in absolute ethanol and acetone, and dried in air. 

Bacteriophage T5. DNA was liberated from the virus in 
the following way: 3 ml. of a suspension of T5 in 0-14m- 
NaCl (containing approx. 10'* phage particles/ml.) was 
mixed with 1 ml. of 0-5m-sodium citrate, pH 6, and incu- 
bated at 50° for 40 min. The removal of bivalent ions, in 
particular Ca?+ by complex formation with the citrate, 
liberates the DNA (Lark & Adams, 1953). The DNA was 
precipitated by 2 vol. of neutral ethanol and washed in 
50% (v/v) ethanol-water. No attempt was made to remove 
the virus protein. 


Hydrolysis of nucleic acids 


Hydrolysis to purines and pyrimidines. DNA was hydro- 
lysed for 1 hr. in 72% (w/w) HClO, at 100° (Marshak & 
Vogel, 1950). 

Hydrolysis to 5’-nucleotides. Deoxyribonuclease (10 yg./ 
ml.) was added to an aqueous solution of DNA (20 mg./ml.) 
in 0-002M-MgSO, and adjusted to pH 7-6. The mixture was 
incubated at 37° for 6 hr., the pH being maintained constant 
by periodic additions of aq. NH, soln. Glycine buffer, pH 9, 
was then added to the deoxyribonuclease digest to give 
0-02m-glycine. Snake-venom phosphodiesterase (4 mg. of 
enzyme preparation free from 5’-nucleotidase activity/ml.) 
was added and incubation continued for 5 hr. During this 
time the mixture was maintained at pH 9 by occasional 
additions of aq. NH, soln. 

Hydrolysis to nucleosides. The procedure was as above, 
except that crude Russell-viper venom, containing 5’- 
nucleotidase, was used instead of the purified phospho- 
diesterase. 


Separation of nucleic acid components 


The halogenated uracils were separated from the natural 
purines and pyrimidines in nucleic acid hydrolysates by 
paper chromatography. Table 2 lists the Ry values of these 
substances in the following solvent systems: 

(1) Propan-2-ol (680 ml.), 11-6N-HCl (176 ml.), water to 
11. (Wyatt, 1951). 

(2) Propan-2-ol (700 ml.), water (300 ml.) with NH, in 
the vapour phase (Markham & Smith, 1952). 

(3) Butan-1-ol (770 ml.), water (130 ml.), 98 % formic acid 
(100 ml.) (Markham & Smith, 1949). 

(4) Butan-1-ol (860 ml.), water (140 ml.) with NH, in the 
vapour phase (Markham & Smith, 1949). 

For the routine analysis of DNA containing these sub- 
stances we chose a two-dimensional chromatographic 
method. A perchloric acid hydrolysate of the DNA was 
placed about 8 cm. from the edge of a sheet of Whatman 
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Table 2. 


Compound 
Uracil 0-68 
Thymine 0-78 
5-Chlorouracil 0-71 
5-Bromouracil 0-75 
5-Iodouracil 


0-76 
5-Chlorouracil deoxyriboside — 
5-Bromouracil deoxyriboside — 
Thymidine — 


Table 3. 
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Solvent 1 
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R, values of thymine, uracil, 5-halogenated uracils and their deoxyribosides in four solvent systems 


Ry, value in 


a — ‘ 
Solvent 2 Solvent 3 Solvent 4 


0-62 0-28 0-20 
0-70 0-42 0-42 
0-63 0-43 0-18 
0-65 0-44 0-21 
0-66 0-47 0-26 
— 0-42 0-10 
= 0-40 0-15 
— 0-38 0-38 


Maxima and minima in the absorption spectra of the 5-halogenated uracils, 


their nucleosides and nucleotides 


Values are given in mp. 


Compound 
5-Chlorouracil 
5-Chlorouracil deoxyriboside 
5-Chlorouracil deoxyribonucleotide 
5-Bromouracil 
5-Bromouracil deoxyriboside 
5-Bromouracil deoxyribonucleotide 
5-Iodouracil 
5-Iodouracil deoxyribonucleotide 


no. | filter paper approx. 30 cm. x 48 cm. This was then run 
in solvent 1, which separates adenine, guanine, cytosine 
(uracil if present) and thymine. The 5-halogenated uracils 
run just behind thymine (Table 2). A strip was cut across the 
paper to include only the spots of thymine and halogenated 
pyrimidines. This was run in the solvent 4, which separates 
thymine and the halogenated uracils. The compounds were 
located by the method of Markham & Smith (1949), eluted 
in 0-1 n-HCl and their ultraviolet absorption spots measured 
against appropriate blanks in a Beckman Model DU or a 
Unicam Model SP. 500 spectrophotometer. Table 3 gives the 
spectral maxima and minima of the 5-halongenated 
uracils. For estimation the following molar extinction 
coefficients were used: 5-bromouracil, 7-01 x 10° at 276 my; 
5-chlorouracil, 8-08 x 108 at 273 my; 6-methylaminopurine, 
15-1 x 10° at 267 my; all in 0-1N-HCl. Other extinction 
coefficients used were those of Wyatt (1951). 

The discovery that the DNA from Z£. coli contains the 
additional base 6-methylaminopurine (Dunn & Smith, 
1955) led us to estimate this base also in some of the samples 
of DNA from £. coli 15T™. This base was estimated to- 
gether with cytosine in spots separated by solvent 1, but the 
ratio of the two bases was determined by eluting them and 
rechromatographing in solvent 2. The amount of 5-halo- 
genated uracil present was also determined by this method, 
the analogue and thymine being estimated jointly after 
separation of the hydrolysate with solvent 1. In this in- 
stance solvent 4 was used for the second chromatogram. 

One property of the 5-halogenated uracils proved 
singularly useful in separating these substances and their 
derivatives. At pH 9 halogenated uracils and their de- 
rivatives bear a negative charge, probably due to the 
ionization of the 6-hydroxyl group on the pyrimidine. The 
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pH pH 13 
o——————aq@*@——_, poceneaepnennnmnmnmnmens te a 
Max. Min. Max Min. 
273 237 289 252 

275 240 —- 

276 238 274 2 
276 240 290 255 
278 244 — 
279 244 - — 
281 246 — — 
285 246 _— > 


Table 4. Electrophoretic mobilities of the 5-halo- 
genated uracils, their nucleosides and nucleotides 


Mobilities, expressed as cm./hr. at 20v/cm., were deter- 
mined in 0-05M-borate, pH 9. Mobilities of corresponding 
components of normal nucleic acid are included for 
comparison. 














Mobilities 
(cm./hr. at 20v/cm.) 

= Se — 

Free Deoxy- Deoxyribo- 

base riboside nucleotide 
5-Chlorouracil 8-7 — 11-0 
5-Bromouracil 8-0 5:3 10-4 
5-Iodouracil 6-8 — 9-9 
Normal DNA bases 0-2-0 0-2-0 6-8-9-4 


acidic groups of guanine, adenine, uracil and thymine are 
only partially ionized at pH 9, whereas cytosine has no 
charge. Consequently on paper electrophoresis in 0-05m- 
borate buffer, pH 9 (Markham & Smith, 1952), the 5- 
halogenated uracils migrate rapidly towards the anode, 
whereas the movement of the natural purines and pyri- 
midines is slight (‘Table 4). 

Inorganic phosphate. This was estimated by the method of 
Allen (1940). 

Materials 


5-Bromouracil. This was prepared by the method of 
Wheeler & Johnson (1907). 

5-Iodouracil. This was prepared according to Johnson & 
Johns (1906). Neither product contained any uracil and 
each gave a single ultraviolet-absorbing spot in solvents 1, 
2 and 3. 


Bioch. 1957, 67 


YS 





498 D. B. DUNN AND J. D. SMITH 1957 


5-Chlorouracil. This and a further sample of 5-bromouracil 
were gifts from Imperial Chemical Industries Ltd. 

Snake venom phosphodiesterase. This was a gift from 
Dr L. Astrachan and had been prepared from Crotalus 
adamanteus venom by the method of Butler (1955). 


RESULTS 
Effect of halogenated uracils on bacterial growth 


Escherichia coli B/r in medium A. A concentra- 
tion of 0-01M-5-bromouracil was found to be in- 
hibitory to the growth of H. coli B/r in medium A, 
but this inhibition was not annulled by the presence 
of 0-01m-thymine or a similar concentration of 
uracil in the medium. 5-Bromouracil (0-001™) 
produced no detectable inhibition of HZ. coli B/r in 
this medium. 5-Chlorouracil, however, does inhibit 
the growth of EH. coli B/r at a concentration of 
0-001 M, the inhibition commencing immediately on 
the addition of the inhibitor. This inhibition was 
completely annulled by adding uracil (9 x 10-4m) 
before the addition of the analogue. A similar 
concentration of thymine did not affect this in- 
hibition. 

Escherichia coli B/r in medium S. In the sul- 
phanilamide medium (S) containing 10-100 mg. of 
thymine/|. the mean generation time of EL. coli B/ris 
about 2 hr. as compared with 50 min. in medium A. 
In medium 8 without thymine the mean genera- 
tion time of the bacteria was never less than 4 hr., 
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Fig. 1. Inhibition of growth of EL. coli B/r by 5-bromouracil. 
Bacteria were grown in medium § containing: 8 x 10->m- 
thymine (A and C); 8 x 10-4m-thymine (B). At the time 
indicated by the arrow, 5-bromouracil was added to 
cultures B and C to give final concentrations of 10-*m. 
Bacterial dry weights were obtained from optical-density 
measurements as described in the text. 


indicating that in this medium the cells were partly 
dependent on the external supply of thymine for 
growth. Fig. 1 shows the effects of 10-*m-5-bromo- 
uracil on the growth of bacteria in medium § at 
two levels of thymine concentration. With 8 x 10m 
thymine the bacterial growth rate [the slope of the 
curve relating log (bacterial density) with time] 
begins to decrease about 3 hr. after the addition of 
the 5-bromouracil, and thereafter remains approxi- 
mately constant. Increasing the thymine concen- 
tration to 8 x 10-‘m partially reverses the growth 
inhibition. Uracil (8 x 10-4m) did not affect the 
growth inhibition by 5-bromouracil under these 
conditions. 

Growth inhibition by 5-iodouracil was essentially 
similar, although at equivalent concentration 5- 
bromouracil was the more effective in inhibiting 
growth. 

A proportion of the bacteria (5% at 4 hr. and 
15% at 12 hr. after the addition of the inhibitor) 
grown in the presence of 10-*m-5-bromouracil and 
8 x 10-m-thymine were distinctly longer (three to 
eight times) than those grown in the absence of 
5-bromouracil (Fig. 2). Colony counts made 
6-7 hr. after the addition of the inhibitor were con- 
siderably lower (about 25%) than the total counts 
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Fig. 2. Normal and elongated cells in a culture of EZ. coli 
B/r inhibited by 5-bromouracil in medium 8. Electron 
micrograph, x 1800. 
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calculated from the measurements of optical 
density. This does not necessarily imply that 75% 
of the cells were non-viable, as no allowance has 
been made in the optical-density measurements for 
the elongated cells mentioned above. By the urea 
method approx. 50% of the cells were found to be 
viable. (The elongated cells already present are 
included as viable cells with this method.) 

Escherichia coli 157’. The inhibiting effect of 
5-bromouracil on the growth of the thymine- 
requiring strain 15T” has already been reported by 
Cohen & Barner (1954, 1956). Fig. 3 shows the 
relation between turbidity and time of EL. coli 15T™ 
growing in medium A supplemented with 10-°m 
concentrations of the 5-halogenated uracils and 
8x10>m-thymine. Approx. 1-2hr. after the 
addition of the inhibitor the bacteria are about twice 
the length of normal cells and continue to increase 
in size, forming long filaments (Fig. 4). The later 
points on the turbidity curves obtained under these 
conditions are thus proportional, not to bacterial 
numbers, but rather to the weight of organisms per 
unit volume. As with E. coli B/r in 8 medium, 5- 
bromouracil and 5-iodouracil do not appear to 
inhibit the growth until about 1-5 mean generation 
times after their addition. 5-Chlorouracil, how- 
ever, inhibited the growth immediately upon its 
addition but did result in a further marked decrease 
in the growth rate corresponding with the onset of 
inhibition in the other two cultures. 

The inhibitions due to 5-bromouracil and 5- 
iodouracil were largely annulled when the thymine 
concentration was increased to 8 x 10-4m before 
they were added. This concentration of thymine 
had no observable offcct on the growth inhibition 
produced by 10-*m-5-chlorouracil. 

As shown in Fig. 5, the addition of 9 x 10-4m- 
uracil before the addition of 5-chlorouracil annulled 
the immediate inhibition, but did not prevent the 
growth rate rapidly decreasing after about 1 hr. In 
other experiments 2 x 10-‘m-uracil was sufficient to 
produce this effect. If 8x10-!m-thymine was 
present in addition to the uracil, then all phases of 
the inhibition due to 5-chlorouracil were largely 
annulled. 

In the presence of 4 x 10-°m-thymine, 2 x 10-4m- 
uracil added before the addition of 10-°m-5- 
bromouracil or 10-?m-5-iodouracil had no observ- 
able effect on the inhibition produced. 


Incorporation of 5-halogenated wracils into 
deoxyribonucleic acid 

The various conditions used for the growth of 
E. coli B/r and E. coli 15T™ in the presence of the 
analogues are given in Table 5. 

Some of the conditions used in the preparation of 
bacteriophages T2r, T2r* and T5 containing the 
halogenated uracils are given in Table 6. The phages 
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Fig. 3. Inhibition of growth of HZ. coli 15T” by 5-halogen- 
ated uracils. Bacteria were grown in medium A con- 
taining 8 x 10-°m-thymine. At the time indicated by the 
arrow 5-halogenated uracils were added to give final 
concentrations of 10-*m. Bacterial dry weights were 
obtained from optical-density measurements. 





Fig. 4. Elongated cells in a culture of Z. coli 15T” grown in 
medium A in the presence of 5-bromouracil for 6 hr. 
Photograph of stained preparation in light microscope, 
x 780. 
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were added at a bacterial concentration of 1-5 x 10° 
cells/ml., as this gave maximum phage yields in 
medium § under our conditions. 5-Bromouracil or 
5-iodouracil (0-002m) added 0—9 hr. before infecting 
each of the bacteria with an average of 1-5-3 phage 
particles did not prevent the lysis of HL. coli B/r in 
this medium. The lysis normally occurred in about 
90 min. in medium § and incubation was continued 
for a further 6 hr. to ensure that lysis was complete. 
The lysates were stored for 18 hr. at 5° before the 
phages were purified. 


Isolation of halogenated uracils 
from deoxyribonucleic acid 

Stability of 5-halogenated uracils to hydrolysis by 
perchloric acid. 5-Chlorouracil and 5-bromouracil 
were each found to be unchanged after heating with 
HClO, for 1 hr. at 100°, both in the absence and in 
the presence of DNA. 5-Iodouracil was unchanged 
by heating with 72 % (w/w) HClO, alone. However, 
in the presence of DNA it was quantitatively con- 
verted into a compound identified chromatographi- 
cally and spectroscopically as uracil. Another 
method used to hydrolyse DNA to the bases [90 % 
formic acid at 1 for 0-5 hr. (Wyatt, 1951)] also 
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Fig. 5. Effect of thymine and uracil on the inhibition of 
growth of EZ. coli 15T” by 5-chlorouracil. Bacteria were 
grown in medium A containing: 4 x 10-5m-thymine (A 
and £); 8x10-‘m-thymine (B); 4x 10-°m-thymine, 
9x10-‘m-uracil (C); 8x10-*m-thymine, 9 x 10-‘m- 
uracil (D). At the time indicated by the arrow, 5-chloro- 
uracil was added to cultures A—D to give final concentra- 
tions of 10-*m. Bacterial dry weights were determined 
from optical-density measurements. 
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absence of DNA. When estimating the amounts of 
5-iodouracil in various preparations of DNA we 
used the amount of uracil detected in the HClO, 
hydrolysate, as the conversion of 5-iodouracil into 
uracil under these conditions appeared to be 
quantitative. 

By two-dimensional chromatography, as de- 
scribed above, ultraviolet-absorbing material with 
the chromatographic behaviour of 5-bromouracil 
was isolated from hydrolysates of DNA prepared 
from #. coli B/r, EL. coli 15T™ and bacteriophages 
T 2r, T 2r* and T 5, all of which had been grown in the 
presence of the inhibitor. The ultraviolet-absorption 
spectrum of the additional base (Fig. 6) and its 
electrophoretic mobility at pH 9 were used to 
identify it as 5-bromouracil. In the same way 
5-chlorouracil was shown to be incorporated into 
the DNA of EZ. coli 15T™. 

Perchloric acid hydrolysates of DNA from E. coli 
B/r and £. coli 15T” which had been grown in the 
presence of 5-iodouracil were found to contain a 
compound identified as uracil. This uracil was taken 
as an indication of incorporation of 5-iodouracil, as 
RNA had been removed from these bacteria by 
treatment with alkali and hydrolysates of DNA 
isolated from control bacteria in the same manner 
showed no detectable amount of uracil. Uracil was 
also detected in perchloric acid hydrolysates of 
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Fig. 6. Ultraviolet-absorption spectra of 5-bromouracil, its 
nucleoside and nucleotide. All spectra are for compounds 
in 0-1n-HCl. , Synthetic 5-bromouracil, (Amax. 
276 mp, Amin. 240 my); @, 5-bromouracil isolated from 
an HClO, hydrolysate of DNA from FE. coli B/r; --- 
deoxyriboside of 5-bromouracil isolated from the DNA of 
E. coli B/r (Amax. 278 mp, Amin. 244 my); 
deoxyribonucleotide of 5-bromouracil isolated from the 
DNA of E. coli B/r (Amax. 279 my, Amin. 244 my). 
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bacteriophage T 2r grown on bacteria inhibited by 
5-iodouracil. 

As an 0-01 M-concentration of 5-bromouracil had 
been found to be inhibitory to Z. coli B/r in medium 
A, bacteria were grown under these conditions and 
the DNA was examined for the presence of in- 
corporated 5-bromouracil. None was detected, 
although the amount of DNA used was sufficient for 
us to detect the analogue if it had represented 2% 
of the thymine [cf. Zamenhof, Reiner, de Giovanni 
& Rich (19566), who find that in similar conditions 
5-bromouracil replaces 4-4% of the thymine resi- 
dues in the DNA of E. coli B}. 

Replacement of thymine in the nucleic acid. The 
quantitative analysis of the purines and pyrmidines 
showed that when 5-bromouracil, 5-chlorouracil or 
5-iodouracil is incorporated into DNA the propor- 
tion of thymine in the nucleic acid is decreased such 
that the proportion (halogenated pyri- 
midine + thymine)/(total bases) equals the molar 


proportion (thymine)/(total bases) in the corre- 


molar 
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sponding normal DNA (Table 7). Some deviations 
from this rule were observed with DNA from E. coli 
15T , but in this instance it has since been found 
that the proportion of 6-methylaminopurine also 
increased (Table 7) and this was estimated as 
cytosine in the earlier analyses. 

The 5-halogenated uracils are thus utilized by the 
bacteria in the place of thymine and quantitatively 
replace thymine residues in the DNA. It is thus 
convenient to express the amount of incorporation 
as moles of thymine replaced by the analogues. The 
amounts of the analogue incorporated under various 
conditions, expressed in this way, are given in 
Tables 5 and 6. 


Isolation of the deoxyribonucleotides 
The isolation of purine or pyrimidine analogues 
from DNA as the free base is by no means a good 
proof of their incorporation, as the analogue may 
not have been completely removed during the pre- 
paration of the nucleic acid (Lasnitzki et al. 1954). 





Table 7. Molar proportions of bases in some deoxyribonucleic acid preparations 
containing 5-halogenated uracils 


All preparations were hydrolysed in HCIO,. 5-Hydroxymethylcytosine was not estimated in the T2 bacteriophages, 
but the proportion of this base present was calculated from the adenine :5-hydroxymethylcytosine ratio given by Wyatt & 
Cohen (1953) (these values are given in black). Except where 6-methylaminopurine has been separately determined, the 
values for cytosine include 6-methylaminopurine estimated as cytosine. 5-Iodouracil was converted into uracil and 
estimated as this (see text). 

Moles/100 moles of total bases 








. = — 4 —_ — . Reference 
5-Halo- 6-Methyl- no. of 
Deoxyribonucleic genated Thymine + amino- DNA pre- 
acid Adenine Guanine Cytosine Thymine uracil analogue purine _parationt 
E. coli B/r 
Normal 23-1 | 26-4 25:5 25-0 0 . 25-0 -- — 
‘ Bromouracil’ 22-7 10 25-7 I 26-7 {| 15-9 7) 8-83°5 24-7 _ 3 
*Todouracil’ 24-0 26-4 25-8 19-6 4-1 23-7 — 5 
E. coli 15T~ 
Normal 23-6 27-5 26-6 22-4 0 22-4 _— —_ 
* Bromouracil’ 23-4 27-5 27-3 12-7 9-1 21-8 — 6 
*Chlorouracil’ 21-9 30-2 28-6 5-8 12-1 17-9 — 10 
*Todouracil’ 30-2 30-9 6-6 8-7 15:3 — 8 
Normal 27°5 26-1 22-4 0 22-4 0-42 - 
*Bromouracil’ 25-8 25-5 16-7 7-4 24-1 0-7 7 
*Todouracil’ 26-6 25-2 18-0 6-5 24-5 0-7 9 
‘Chlorouracil’ 27°3 26-0 7-9 14-2 22-1 1-4 11 
‘Chlorouracil’ 26-5 26-8 14-0 9-4 23-4 1-5 12 
‘Chlorouracil’ 26-5 27:3 14-7 6-5 21-2 0-6 13 
Bacteriophage T 2r 
Normal 32-6 19-4 17:3 30-7 0 30-7 —_ _— 
*Bromouracil’ 32-4 19-6 17-1 6-5 24-4 30-9 — 15 
*Todouracil’ 30-9 22-9 15-9 15-6 14-7 30-3 — 14 
Bacteriophage T 2rt+ 
Normal* 32°5 18-2 16-7 32-6 0 32-6 _— — 
‘Bromouracil’ 31-4 19-3 16-4 21-6 11-5 33-1 — 22 
‘Bromouracil’ 31-8 18-6 16-3 22-7 10-5 33-2 _ 23 
‘Bromouracil’ 32-5 18-8 16-7 15-9 16-1 32-0 — 18 
‘ Bromouracil’ 32-0 19-8 16-4 12-2 19-6 31-8 =: 21 


* T2r+. Normal DNA values are those of Wyatt & Cohen (1953). 
t Reference nos. of these preparations are given in Tables 5 and 6. 
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By isolating compounds corresponding to the 
deoxyribosides and deoxyribonucleotides of the 
5-halogenated uracils, we showed that they prob- 
ably formed an integral part of the DNA struc- 
ture. 

DNA from £. coli B/r containing 5-bromouracil 
was hydrolysed successively with deoxyribonuclease 
and snake-venom phosphodiesterase to yield the 
nucleoside 5’-phosphates. These were run on paper 
electrophoresis in 0-05M-borate buffer, pH 9. In 
addition to the single band containing deoxy- 
guanylic, deoxyadenylic, deoxycytidylic and thymi- 
dylic acids, the hydrolysate contained a faster- 
migrating component having an _ ultraviolet-ab- 
sorption spectrum in 0-1N-HCl with a maximum at 
279 mp and a minimum at 244 my (Fig. 6). The 
maximum is shifted 3 my to the longer wavelength 
compared with that of 5-bromouracil, and corre- 
sponds to the difference in spectrum between 
thymine and thymidylic acid. When hydrolysed 
with HCIO,, this substance gave 5-bromouracil 
(identified by its R, values on paper chromato- 
graphy in solvents 1 and 4, and spectroscopically) 
and inorganic phosphate in the molar ratio 0-98: 1. 
The deoxyribonucleotide of 5-bromouracil was also 
isolated from the DNA of T 5 phage. 

A substance having the expected properties of 
5-chlorodeoxyuridylic acid was isolated in a similar 
way from the DNA of £. coli 15T” grown in the 
presence of 5-chlorouracil. The ultraviolet-absorp- 
tion spectrum of the deoxyribonucleotide and that 
of the free base are shown in Figs. 7 and 8, and its 
electrophoretic mobility is given in Table 4. On 
hydrolysis with HCI1O, it yielded 5-chlorouracil. 

Enzymic hydrolysates of DNA from £. coli B/r 
grown in the presence of 5-iodouracil also gave a 
rapidly migrating component (Table 4) on electro- 
phoresis at pH 9. This had the expected ultraviolet- 
absorption spectrum of 5-iododeoxyuridylic acid 
(Table 3). On hydrolysis in HCO, it yielded uracil. 
This is consistent with the breakdown of 5-iodouracil 
when heated with HCI1O, in the presence of DNA. 


Isolation of deoxyribosides 


Treatment of 5-bromouracil-containing DNA 
with deoxyribonuclease and crude snake venom and 
separation of the products by two-dimensional 
chromatography with solvents 3 and 4 showed the 
presence, in addition to the four normal nucleosides, 
of a substance with the expected R, values (‘Table 2) 
and ultraviolet-absorption spectrum (Fig. 6) of 
5-bromouracil deoxyriboside. On hydrolysis with 
HCI10, this was converted into 5-bromouracil. 

Similarly, the deoxyriboside of 5-chlorouracil was 
isolated from the DNA of £. coli 15T°. Its R, 
values and spectral characteristics are given 
respectively in Tables 2 and 3. 
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Fig. 7. Ultraviolet-absorption spectra of 5-chlorouracil 
deoxyribonucleotide isolated from the DNA of EZ. coli 
ist’; , in 0-1 N-HCl (Amax. 276 mp, Amin. 238 my); 
-—-, in 0-1n-KOH (Amax. 274 my, Amin. 247 my). 
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Fig. 8. Comparison of spectrum of synthetic 5-chlorouracil 
with that of the compound isolated from the DNA of 
E.coli 15T . ——, Synthetic 5-chlorouracil; @, material 
isolated from the deoxyribonucleotide after HClO, 
hydrolysis; both spectra for the compounds in 0-1 n-HCl, 
(Amax. 273 mp, Amin. 237 mp); —-—-, synthetic 5- 
chlorouracil in 0-1N-KOH, (Amax. 289 mp, Amin. 
252 my). 
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Properties of bacteriophage containing 
5-bromouracil and 5-iodouracil 

Preparations of bacteriophage containing 5- 
bromouracil or 5-iodouracil had physical properties 
similar to those of normal preparations. In its 
purification T2 containing either 5-bromouracil or 
5-iodouracil precipitated at pH 3-9, and it was 
isolated by the centrifuging procedure used in the 
preparation of normal T2. Under the electron 
microscope the particles in preparations of T2 
containing 5-bromouracil could not be distinguished 
from those in control preparations. The ultraviolet- 
absorption spectra of normal and bromouracil- 
containing T2 suspensions are almost identical, 
showing that they contained similar proportions of 
nucleic acid (Fig. 9). 

This observation justified the use of the ratio 
plaque counts: optical density at 260 my to give the 
relaiive proportions of infective particles in control 
preparations and those containing halogenated 
uracils. For our control preparations of T2 grown 
on medium § this ratio was lower than the average 
value of 1-21 x 10" reported by Herriott & Barlow 
(1952). T2 grown in media A,§ and S81 (Table 6) 
gave values of 1-1, 0-21 and 0-34 x 10" respectively. 
Compared with control preparations the ‘bromo- 
uracil’ and ‘iodouracil’ bacteriophage preparations 
contained a high proportion of particles (in some 
more than 98 %) which would not give plaques when 
assayed on E. coli B/r (Table 6). The preparations 
listed in Table 6 were not grown under comparable 
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Wavelength (mz) 


Fig. 9. Comparison of ultraviolet-absorption spectrum of 
5-bromouracil containing bacteriophage T2 with that of 
normal bacteriophage. Smooth curve is for normal T2 
and the filled-in points for the ‘ bromouracil’ preparation 
no. 15, in which the 5-bromouracil had replaced 79% of 
the thymine. The two preparations had the same optical 
density at 260 mp. 
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conditions and so are not suitable for determining 
the relation between the bromouracil content and 
the proportion of infective particles. 


DISCUSSION 


The results presented extend our original observa- 
tions on the incorporation of 5-bromouracil and 5- 
iodouracil into the DNA of E. coli B and its bacterio- 
phages, and show that all three 5-halogenated 
uracils are readily incorporated into the DNA of 
E.coli 15T. Zamenhof et al. (19566) have described 
the incorporation of all three halogenated uracils 
into the DNA of a similar thymine-requiring strain 
of E. coli, and Wacker, Trebst, Jacherts & Weygand 
(1954) have shown that 5-bromouracil can be in- 
corporated into the DNA of several other species of 
bacteria. 

For significant incorporation of the 5-halogenated 
uracils into the DNA of £. coli it appears necessary 
for the cells to be dependent on an external supply of 
thymine for their growth. The sulphanilamide 
medium allowed a slow growth of HZ. coli B/r in the 
absence of thymine, whereas FE. coli 15T™ is de- 
pendent on externally supplied thymine both for its 
growth and survival in medium A (Cohen & Barner, 
1954). These two systems differed in the type of 
inhibition by the 5-halogenated uracils. Growth 
inhibition (as measured by the optical density of 
suspensions) of EL. coli B/r and E. coli 15T™ did not 
commence until about 1-5 generation times after the 
addition of 5-bromouracil or 5-iodouracil. The 
growth rate of HE. coli B/r then decreased and re- 
mained approximately constant for 10 hr. or more, 
whereas that of Z. coli 15T” decreased progressively 
and almost ceased 4-5hr. after addition of the 
analogue. 5-Chlorouracil differed from the other 
two halogenated uracils in causing a decrease in 
growth rate immediately upon its addition to E. coli 
15T , but after 1-5 hr. this was followed by further 
progressive decrease in growth rate. The time 
interval before the onset of this progressive in- 
hibition with EZ. coli 15T” was the same for all three 
analogues and appeared to be independent of the 
extent of inhibition. Cohen & Barner (1956) have 
reported a similar type of inhibition of EL. coli 15T™ 
by 5-bromouracil. The morphological changes in 
E. coli 15T” accompanying the inhibition are also 
found with cells grown in a thymine-deficient 
medium (Cohen & Barner, 1954) or in the presence 
of other thymine analogues (Dunn & Smith, 1955; 
Zamenhof, de Giovanni & Rich, 1956a). Complete 
thymine starvation causes the rapid death of EL. coli 
15T (Barner & Cohen, 1954). Cohen & Barner 
(1956) have shown that addition of 5-bromouracil 
to E. coli 15T” under these conditions allows a 
doubling of the number of viable cells, and delays 
but does not prevent their subsequent death. 
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During this period the DNA content of the culture 
increases, presumably accompanied by incorpora- 
tion of 5-bromouracil. Evidently 5-bromouracil 
can only temporarily delay the biological effects of 
thymine starvation. 

More detailed examination of the composition of 
the abnormal bacterial and bacteriophage DNA has 
confirmed that, in almost all cases, the halogenated 
uracils quantitatively replace part of the thymine 
normally present. However, in H. coli 15T” the 
introduction of 5-bromo-, 5-chloro- or 5-iodo-uracil 
into the DNA is accompanied by an increase in the 
proportion of 6-methylaminopurine. Thus whereas 
the halogenated uracils may replace thymine in the 
DNA, they do not prevent the increase in the pro- 
portion of 6-methylaminopurine in the DNA 
characteristic of thymine deficiency (Dunn & 
Smith, 1955). In some of the preparations of FL. coli 
15T DNA, the proportion of halogenated uracil 
plus thymine is significantly less than the normal 
proportion of thymine. Further examination will be 
necessary before it can be concluded that an incom- 
plete replacement of thymine residues may occur. 

5-Chlorouracil differs from the other halogenated 
uracils in that both thymine and uracil are necessary 
to annul its growth inhibition of HZ. coli 15T™. It is 
therefore necessary to consider that the bacteria 
utilize the compound as an analogue of uracil as 
well as of thymine, and Dunn (1957) has shown that 
5-chlorouracil is incorporated to a small extent into 
the RNA of EL. coli 15T. However, the requirement 
of uracil to annul the growth inhibition due to this 
analogue cannot be entirely attributed to the effect 
of the natural pyrimidine in preventing the in- 
corporation of the analogue into the RNA, because 
uracil as well as thymine markedly reduces the pro- 
portion of 5-chlorouracil incorporated into the DNA 
(Table 5, preparations 11—13). 

The halogenated uracils provide a series with 
respect to the size of the 5-substituent atom and 
other properties. It is of interest to compare their 
ability to replace thymine in DNA. Zamenhof et al. 
(19566) found, after addition of equivalent (w/v) 
concentrations of the halogenated uracils to EL. coli 
(strain I), that the extent of thymine replacement 
increased in the order iodouracil, chlorouracil, 
bromouracil, which was also the order of increasing 
growth inhibition. With Z. coli 15T” in medium A, 
supplied with 8 x 10-°m-thymine and equivalent 
concentrations (10-*m) of the halogenated uracils, 
we found the order of increasing inhibition to be 
bromouracil, iodouracil, chlorouracil (Fig. 3). 
Chlorouracil was also incorporated into the DNA of 
the bacteria to a greater extent than the other two 
analogues (Table 5, preparations 7, 9, 11). Even in 
the presence of excess of uracil, which it was hoped 
would prevent the analogue being utilized by the 
uracil-sensitive pathway, 5-chlorouracil was found 
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to be the most inhibitory of the three analogues and 
was still incorporated to the greatest extent 
(Table 5, preparation 12). Studying the growth 
inhibition of Lactobacillus casei by the 5-halo- 
genated uracils, Hitchings et al. (1950) found that 
whereas 5-chlorouracil was the most inhibitory 
when the bacteria were supplemented with thymine, 
5-iodouracil was the most inhibitory in the presence 
of folic acid. The relative effects of the three 5- 
halogenated uracils on the growth of bacteria and 
the relative extent of their incorporation into DNA 
thus appears to depend on the growth conditions or 
bacterial strain and cannot be correlated with pro- 
perties, such as the size of the 5-substituent atom. 

Under comparable conditions in medium S con- 
siderably more 5-bromo- and 5-iodo-uracil was 
incorporated into DNA of bacteriophage than into 
DNA of uninfected bacteria. 5-Bromouracil 
supplied at high concentrations was also incorpor- 
ated into T 2 grown on £. coli B/r in the basal medium 
A. Under these conditions no incorporation of 5- 
bromouracil could be detected in DNA of unin- 
fected E. coli B/r. The rate of DNA synthesis during 
bacteriophage development is about four times that 
in uninfected bacteria. Possibly the rate of thymine 
synthesis under these conditions becomes a limiting 
factor in DNA synthesis, thus favouring the in- 
corporation of externally supplied 5-bromouracil. 

The preparations of bacteriophage containing 
5-bromo- or 5-iodo-uracil contained a high propor- 
tion of non-infective particles with normal physical 
properties. The incorporation of 8-azaguanine into 
the RNA of tobacco-mosaic virus and turnip- 
yellow-mosaic virus also results in virus with de- 
creased infectivity (Matthews, 1954, 1955). It seems 
probable from the results presented in Table 6 that 
some of the T2 particles containing 5-bromouracil 
are able to produce plaques, although other experi- 
ments are necessary to establish this. 5-Bromouracil 
had been added to the bacteria grown in medium 8 
before infection and had presumably been in- 
corporated into the host DNA. It is possible that 
the infective particles in the phage progeny con- 
tain no 5-bromouracil but this explanation seems 
inadequate. Litman & Pardee (1956) have de- 
scribed a preparation of T 2 in which all the thymine 
had been replaced by 5-bromouracil and which yet 
contained 9 % of infective particles. They have also 
made the very interesting observation that T2 
stocks, grown in the presence of 5-bromouracil 
under conditions where the analogue is incorporated 
into the DNA, may contain a high proportion of 
mutant types. 


SUMMARY 


1. 5-Bromouracil, 5-iodouracil and 5-chlorouracil 
were each found to inhibit the growth of Escherichia 
coli 15T , and the first two compounds were shown 








506 D. B. DUNN AND J. D. SMITH 1957 


to inhibit Z. coli B/r rendered thymine requiring by 
growth in the presence of sulphanilamide. With 5- 
bromouracil and 5-iodouracil there was a lag of 
1-5 mean generation times between the addition of 
the inhibitor and the onset of the growth inhibition, 
and this lag was also noted with 5-chlorouracil in 
the presence of uracil. 

2. Increased concentrations of thymine were 
found to annul the inhibitions due to 5-bromouracil 
and 5-iodouracil, but both thymine and uracil were 
required to annul the inhibition of #. coli 15T” by 
5-chlorouracil. 

3. All three analogues were shown to be in- 
corporated into the deoxyribonucleic acid (DNA) of 
the inhibited bacteria. 5-Bromouracil and 5- 
iodouracil were also shown to be incorporated into 
the DNA of bacteriophages T2 and T5 grown on 
E. coli B/r in the presence of the analogues. Under 
comparable conditions a higher proportion of the 
analogues was incorporated into the bacteriophage 
than into the bacteria. In almost every instance the 
analogues appeared to be quantitatively replacing 
thymine residues. 

4. Compounds with the expected properties of 
the deoxyribonucieotides and deoxyribosides of the 
5-halogenated uracils were isolated from the DNA. 
This strongly suggests that the unusual pyrimidines 
did form an integral part of the DNA structure. 

5. In the DNA from £. coli 15T™ an increase in 
the proportion of 6-methylaminopurine was found 
to accompany the incorporation of the analogues. 

6. Whereas the physical properties and appear- 
ance of bacteriophage particles containing in- 
corporated 5-bromouracil appeared normal a pro- 
portion was found to be non-viable. 


We wish to thank the Imperial Chemical Industries Ltd. 
for generous gifts of chemicals, and Dr R. C. Valentine for 
his assistance in making the urea counts. One of us (D. B. D.) 
is grateful to the Agricultural Research Council for a 
Research Studentship received while this work was in 
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STAPHYLOCOCCAL CELLS* 
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In previous papers of this series (Gale & Folkes, 
1955a, b) a description has been given of a prepara- 
tion of disrupted staphylococcal cells which can be 
used to study the dependence on nucleic acid of 
protein-synthesis and amino acid-incorporation 
reactions. Removal of nucleic acid from the pre- 
paration results in marked decrease in the in- 
corporation of certain amino acids; the incorpora- 
tion can be restored by addition of staphylococcal 
nucleic acid to the incubation mixture. The action of 
ribonucleic acid (RNA) in restoring incorporation is 
not abolished by the action of ribonuclease, and 
active materials can be separated from the digestion 
products. In the case of the incorporation of 
glycine, fractionation of RNA digests has led to the 
separation of a highly active ‘incorporation factor’ 
whose properties are not those of any known 
nucleotide or nucleoside (Gale, 1957). 

In the present paper an investigation of the action 
of various inhibitors on the incorporation of 
glycine in the disrupted-cell preparation is reported. 
The actions of chelating agents and analogues of 
purines, pyrimidines and growth factors were 
studied in an attempt to throw light on the possible 
nature of components of the system, including the 
incorporation factors. Various antibiotics and anti- 
microbial drugs were included in the survey, since 
the disrupted-cell preparation affords a means of 
studying the action of such selective agents in the 
absence of penetration barriers which may be 
largely responsible for their selective nature. 

Of the synthetic substances investigated, 8- 
hydroxyquinoline (oxine) and various derivatives of 
benzimidazole have proved to be potent inhibitors. 
The antibacterial action of oxine has been investi- 
gated by Albert, Gibson & Rubbo (1953), who 
concluded that oxine itself is non-toxic but forms 
toxic chelates with certain heavy metals, iron in 
particular, and that the toxicity in a given medium 
is determined by the relative amounts of oxine and 
metal. Woolley (1944) showed that benzimidazole 
and certain derivatives thereof inhibited the growth 
of yeasts and bacteria and that the action could be 


* Part 23: Rowlands, Gale, Folkes & Marrian (1957). 


antagonized by the presence of purines, guanine 
being more effective than adenine. 5:6-Dimethyl- 
benzimidazole is part of the structure of vitamin B,, ; 
Woolley & Pringle (1952) devised a number of 
analogues of 4:5-diamino-1:2-dimethylbenzene, a 
precursor of dimethylbenzimidazole (Woolley, 
1950, 1951), which were potent inhibitors of the 
growth of Staphylococcus aureus; it was suggested 
that these substances acted by inhibiting the 
synthesis of vitamin B,, and riboflavin. Further 
elaboration of the benzimidazole structure led to the 
synthesis of 1:2-dichloro-5-nitro-4-(p-nitrobenzene- 
sulphonamido)benzene (DCDNS) by Woolley 
(1952a@) and the demonstration that it was effective 
against mammary cancers in mice (Woolley & 
Schaffner, 1954). Gillespie, Engelman & Graff 
(1954, 1956) have synthesized a series of benzimid- 
azole derivatives which inhibit the growth of 
certain protozoa and frog embryos, and Tamm 
(1954, 1955, 1956) has studied the inhibition of the 
growth of influenza virus by halogen-substituted 
benzimidazoles. Tamm found that the inhibitory 
action of benzimidazole increased with increasing 
substitution by chlorine in positions 4, 5 and 6, 
while the action of the trichloro derivatives was 
increased some 15 times by substitution with a B-D- 
ribofuranosyl group in position 1. 


ORGANISM AND METHODS 


The organism, S. aureus Duncan, its growth, harvesting, 
disintegration, preparation of the disrupted-cell fraction 
and its depletion of nucleic acid have been described in 
previous papers (Gale & Folkes, 1955a, b). Incubation was 
carried out under condition 1 of those papers, each tube 
containing approximately 1 mg. (dry wt.) of disrupted-cell 
preparation and 0-02 uo of [C]glycine (generally labelled, 
specific activity 4 mc/m-mole)/3-0 ml.; other reagents were 
as previously described. Procedures for preparing the 
‘trichloroacetic acid (TCA) precipitate’ and ‘protein 
fraction’ of the cells, drying, and counting their radio- 
activities were also described in those papers. In a number of 
tests it was found that the reduction in counts/min. on 
removing nucleic acid from the TCA precipitate was of the 
order of 10-13 % and that such removal did not significantly 
alter the inhibitions studied. Consequently, this step was 
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usually omitted and, except where it is stated that counts 
were determined on protein fractions, results are expressed 
as counts/min. of the TCA precipitate obtained from 1-0 mg. 
(dry wt.) of cell preparation. The experiments recorded in 
this paper were carried out over several months and the 
activity of the disrupted-cell preparations varied from time 
to time with alterations in the efficiency of the supersonic 
disintegrator; in experiments with forty-seven different 
preparations the mean value for incorporation of glycine 
after 90 min. incubation under condition 1 was 2977 counts/ 
min./TCA precipitate from 1-0 mg. (dry wt.) preparation, 
standard deviation 1086, range 1445-4423. The counting 
equipment used was calibrated against the (‘*C]glycine 
used; 1-0 um-mole gave 362 counts/min. 

Incorporation of glycine under condition 1 is not linear; 
the rate decreases with time and incorporation ceases after 
90-120 min. at 37° (see Fig. 5). In preliminary surveys the 
radioactivity of the preparation was measured after 90 min. 
incubation in the presence and absence of inhibitor; in key 
instances inhibition was checked by repetition of the experi- 
ment, samples being taken after 30, 60 and 90 min. incuba- 
tion. Inhibition in all cases is expressed as the percentage 
decrease in the rate of incorporation measured in the 
absence of inhibitor. There is some variation in the degree of 


Table 1. Action of some inhibitors on the incorpora- 
tion of glycine in disrupted staphylococcal cells 
under condition 1 


Disrupted-cell preparation was incubated under condi- 
tion 1: 3-0 ml. of incubation mixture containing 4-0 mg. of 
adenosine triphosphate, 0-3 ml. of hexose diphosphate 
(=30 mg. of Ba salt), 0-02uc of [C]glycine, buffered 
saline (pH 6-2), with and without inhibitor as below. In- 
corporation into protein fraction was estimated after 
90 min. incubation at 37°. Inhibition is expressed as 
percentage rate of incorporation in the absence of added 
inhibitor. Results are collected from six experiments. 
Mean value of controls without inhibitors =2865 counts/ 
min./mg. of preparation (estimations on protein fraction) ; 
range 2020-3026. 


Conen. Inhibition 

(mm) (%) 

Hydroxylamine 1-0 56 
0-1 0 

Hydrazine 1-0 28 
Semicarbazide 1-0 15 
Potassium cyanide 10-0 75 
1-0 47 

0-1 9 

Sodium azide 1-0 40 
0-1 9 

aa-Dipyridyl 1-0 0 
EDTA 30-0 10 
10-0 0 

1-0 0 

Oxine 0-01 75 
0-001 23 

Aminopterin 3-0 34 
1-0 10 

Sulphamezathine 1-0 0 


p-Nitrobenzenesulphonamide 1-0 ll 


1957 


inhibition obtained with any particular inhibitor in different 
experiments; for 5:6-dimethylbenzimidazole at 0-001m 
concentration, the mean inhibition of incorporation of 
glycine was 62%, n 25, standard deviation 6, range 30-86. 
All other inhibitors have been compared with 5:6-dimethyl- 
benzimidazole as standard. 

Inhibitors. We are indebted to the following for the sub- 
stances indicated by numbers in brackets in the tables: 
Dr D. W. Woolley (3, 5, 7, 23, 31, 36, 53-56); Professor Sir 
Alexander Todd and Dr V. M. Clark (4, 18, 28, 32, 37-40, 
46); Dr C. H. Schunk (21-23, 25, 27, 29, 33, 34); Dr M. 
Engelman (19, 20, 24, 26, 30, 41-45, 47-49); Dr R. E. F. 
Matthews (6, 8, 9, 12-16, 50, 51); Dr D. B. Dunn (2); Dr D. 
Raacke (17); Dr B. A. Newton for 57 and the substances 
shown in Fig. 7b; Mr M. Richmond for 59, 1:2-dimethyl-4- 
(p-nitrobenzenesulphonamido)benzene and p-nitrobenzene- 
sulphonamide. 

RESULTS 

Table 1 shows the inhibition of incorporation of 
glycine produced by a number of common metabolic 
inhibitors. The incorporation is an energy-requiring 
reaction and is consequently affected by substances 
which inhibit energy production or ‘coupling’ 
under the experimental conditions used (Gale & 
Folkes, 1955a). The object of the present survey was 
to find substances whose inhibitory action could be 
related to the mechanism of incorporation itself. 
Table 1 shows that reagents which combine with 
aldehydes or ketones have little inhibitory action, 
being much less effective than they are in pyridoxal- 
activated systems such as the amino acid de- 
carboxylases (Taylor & Gale, 1945). Of the chelat- 
ing agents tested, ethylenediaminetetra-acetic acid 
(EDTA) and ««-dipyridyl were without significant 
effect, whereas oxine was a potent inhibitor. 


Oxine 

Fig. 1 shows the effect of oxine concentration on 
the inhibition of incorporation of glycine; it is 
unusual in that high concentrations, of the order of 
0-001 M-oxine, are less effective than concentrations 
two or three orders lower. The optimum concentra- 
tion for inhibition in the experimental conditions 
used is 10-°m. Fig. 2 shows the action of oxine on 
the incorporation of glycine in a disrupted-cell 
preparation which has been depleted of nucleic acid 
and then tested in the presence and absence of 
added staphylococcal deoxyribonucleic acid (DNA). 
The diphasic effect of oxine concentration is much 
less marked on the nucleic acid-depleted prepara- 
tion, and it can be seen that 10->m-oxine completely 
abolishes the activation of incorporation by DNA. 
Higher concentrations of oxine are again less 
effective. The same general result is obtained if in- 
corporation is stimulated by DNA, RNA or a 
purified preparation of the glycine-incorporation 
factor (Gale, 1957). 

Effect of metal ions. The inhibitory action of 
oxine might be due to chelation of essential multi- 
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valent metal ions. It has, for example, been shown 
that inhibition by oxine of the accumulation of 
glutamic acid in intact S. awreus can be antagonized 
and abolished by manganese or magnesium (Gale, 
1949). Consequently the action of oxine was tested 
in the presence of equivalent concentrations of 
various multivalent metal ions; Table 2 shows that, 
with the possible exception of Co*+ ions, no signifi- 
cant antagonism was found. Cobalt forms stable 
complexes with oxine and has been found to exert 
a protective action in other cases of oxine toxicity 
(Albert et al. 1953); it may act in these cases by 
displacing other metals from chelate complexes to 
form less toxic complexes, or by reducing the 
effective concentration of oxine itself. No evidence 
could be obtained that the action of oxine on the 
incorporation of glycine could be overcome by 
provision of excess of any of the metals listed in 
Table 2. 

Albert et al. (1953) found that oxine was non- 
toxic to bacteria suspended in distilled water but 
became toxic in the presence of heavy-metal ions 
such as Cu?+ or Fe*+. To test whether the same is 
true in the present investigations, a batch of 
incubation medium, containing all the ingredients 
other than [14C]glycine and disrupted-cell prepara- 
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Fig. 1. Inhibition by oxine of incorporation of glycine in 
disrupted staphylococcal cell preparation. The prepara- 
tion was incubated under condition 1:3-0 ml. of incuba- 
tion mixture containing 4-0 mg. of adenosine triphos- 
phate, 0-3 ml. of hexose diphosphate (=30 mg. of Ba 
salt), 0-02 uc of [4C]glycine, buffered saline (pH 6-2) and 
approximately 1 mg. (dry wt.) of disrupted-cell prepara- 
tion. Incorporation in the TCA precipitate was estimated 
after 90 min. incubation at 37°. Results are expressed as 
counts/min./TCA precipitate from 1-0 mg. (dry wt.) of 
preparation. 
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tion, was stripped of heavy metals by the method of 
Waring & Werkman (1942). The procedure involves 
shaking the medium with oxine and then removing 
excess of oxine and its metal complexes by shaking 
with chloroform; the efficiency of removal of metal 


Table 2. Effect of metal ions on the inhibition of 
incorporation of glycine by oxine 


Incorporation of glycine was studied in disrupted-cell 
preparation under condition 1 as in Table 1; oxine was 
added at concentrations shown below, with and without an 
equivalent concentration of metal ion added as the chloride. 
Estimations were made on the TCA precipitate; control 
without inhibitor = 2823 counts/min./mg. of preparation. 


Percentage inhibition of 
incorporation of glycine 


me 
Metal ion added 0-01 mm-Oxine 1-0 mm-Oxine 


None 65 50 
Mo#+ 70 
Co?+ 54 32 
Cu?+ 91 99 
Fe?+ 59 94 
Zn2+ 68 74 
Mn?+ 61 41 
Mg?+ 65 45 
Ca?+ 65 48 
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Fig. 2. Effect of oxine on the nucleic acid stimulation of the 
incorporation of glycine in nucleic acid-depleted dis- 
rupted staphylococcal cell preparation. The disrupted- 
cell preparation was incubated for 1 hr. at 37° with 
30g. of deoxyribonuclease/ml. and centrifuged down 
before incubation with glycine under condition 1 as in 
Fig. 1. Curve A: depleted preparation. Curve B: as A 
with addition of 0-2 mg. of staphylococcal deoxyribo- 
nucleic acid/3-0 ml. Incorporation was estimated after 
90 min. incubation and expressed as counts/min./TCA 
precipitate from 1-0 mg. (dry wt.) of preparation. 
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ions depends upon the number of times the treat- 
ment is repeated and on the absence of metal con- 
tamination from glassware, etc., used in the experi- 
mental procedure. In our experience the stripping 
procedure improves in successive experiments, 
probably owing to progressive removal of metals 
from glassware, and Fig. 3 shows the effect of oxine 
on incorporation experiments carried out in normal 
medium and in three successive batches of stripped 
medium. It is clear that, as heavy metals are 
removed from the experimental system, so the 
incorporation reaction becomes less sensitive to 
oxine. 

Attempts were made to discover what metals 
were responsible for oxine toxicity by adding known 
metal ions to the stripped medium. It was not 
possible to demonstrate significant effects by the 
addition of Fe?+ or Fe*+ ions, but results somewhat 
similar to those obtained in normal media were 
found after the addition of Cu2+ ions. At this stage 
it was found that incorporation of glycine is highly 
sensitive to Cu?+ ions, and Fig. 4 shows that Cu?* 
ions are markedly more inhibitory in media stripped 
of other multivalent ions than in untreated incuba- 
tion medium. It can be seen also that oxine has 
little effect on the toxicity of Cu?+ ions. The results 
in Fig. 4 suggest that the incorporation of glycine 
might be protected against Cu?* ions by the presence 
of other heavy metals normally present in the 
incubation medium. Ferric and Co?+ ions were 
found to antagonize the toxicity of Cu**+ ions to 
some extent; 10-*m-Cu*®+ gave rise to 89, 50 and 
56% inhibition when tested in stripped medium 
containing no added metal, 10-7m-Fe*+ and 10-*m- 
Co** respectively. It was not possible to abolish the 
toxicity of Cu?*+ ions by addition of these or other 
metals. 


Analogues of purines and pyrimidines 


Table 3 shows the effect of a variety of analogues 
of purines and pyrimidines on the incorporation of 
glycine. 5-Nitro- and 5-bromo-uracil are the only 
pyrimidine analogues tested which have significant 
inhibitory activity; a number of purine analogues 
have some activity at concentrations of 0-003™m but 
5:6-dimethylbenzimidazole is the only substance 
listed in Table 3 that can be regarded as an effective 
inhibitor. Webster & Johnson (1955) obtained 


somewhat similar results for the incorporation of 


glutamic acid by a particulate preparation from pez 
seedlings; of the substances tested by these authors, 
aminopterin proved to be the most effective in- 
hibitor, 0-001 M-aminopterin giving 60 % inhibition. 
The glycine-incorporation system studied here is 
less sensitive to aminopterin (Table 1), but displays 
approximately the same sensitivity to benzimid- 
azole. 
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Fig. 3. Effect of removal of heavy metals from incubation 
mixture on inhibition of incorporation of glycine by oxine. 
Curve 1: incubation for 90 min. under condition 1 as for 
Fig. 1. Control=1863 counts/min./mg. of preparation 
(TCA precipitate). Curve 2: as for curve 1 but with 
previous treatment of incubation mixture with oxine to 
remove heavy metals, as in text. Control =1291 counts/ 
min./mg. of preparation (TCA precipitate). Curves 3, 4: 
successive batches of incubation mixture stripped of 
heavy metals as for curve 2. Control =1252 (3), 960 (4) 
counts/min./mg. of preparation (TCA precipitate). 
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Fig. 4. Inhibition of incorporation of glycine by copper. 
Curve A: effect of Cu®+ ions when incubation takes place 
for 90 min. as in Fig. 1 in normal medium. Control = 2800 
counts/min./mg. of preparation (TCA precipitate). 
Curve B: effect of Cu*+ ions when incubation takes place in 
medium stripped of heavy metals. Control=1815 
counts/min./mg. of preparation (TCA precipitate). 
Curve C: as for curve B with 1 equiv. of oxine added in 
each case. Curve D: as for curve B with 2 equiv. of oxine 
added in each case. 
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Table 3. Action of analogues of purines and pyri- 
midines on the incorporation of glycine in disrupted 
staphylococcal cells 


Conditions were as for Table 1. Estimations were made 
on the TCA precipitate; control without inhibitor =3445 
counts/min./mg. of preparation. 

Percentage 
inhibition 


0:003M 0-001M 










(1) 5:6-Dimethylbenzimidazole 66 

(2) 5-Bromouracil 10 

(3) 8-Azaxanthine 9 

(4) Benzimidazole 5 

(5) 2-Azahypoxanthine 

(6) 5-Nitrouracil + 

(7) 2-Aza-adenine 0 

(8) Isocytosine 

(9) Thiouracil — 
(10) Theobromine . 0 

(3:7-dimethylxanthine) 

(11) Caffeine (1:3:7-trimethylxanthine) — 0 
(12) 2-Aminopyrimidine —~ 0 
(13) 2:4:6-Triaminopyrimidine — 0 
(14) 2-Amino-4-hydroxypyrimidine - 0 
(15) 2:4-Amino-6-hydroxypyrimidine = 0 
(16) 2:4:5-Amino-6-hydroxypyrimidine — 0 
(17) 2-Hydroxy-6-mercaptopurine — 0 


Benzimidazole derivatives 


Inhibitors. Table 4 shows the degree of inhibition 
of incorporation of glycine produced by a series of 
derivatives of benzimidazole. Benzimidazole itself 
is a weak inhibitor whose activity is markedly in- 
creased by substitution with EtO—-, MeO-, NO,-, 
CH,- or Cl- in positions 4(7), 5(6) or 6(5). In general 
the greater the degree of substitution, the more 
inhibitory is the derivative. Thus the inhibitory 
activities of the mono-(5)-, di-(5:6)- and _ tri- 
(4:5:6)-chloro derivatives relative to benzimidazole 
are approximately 5, 19 and 25 respectively. 
Further substitition in the 1-position may modify 
markedly the inhibitory activity of derivatives 
containing CH,— or Cl- in positions 5 and 6. For 
5:6-dimethylbenzimidazole, substitution in position 
1 with an allyl group produces the most potent 
inhibitor of this series yet tested, whereas substitu- 
tion in the same position with 2:3-dihydroxy- 
propyl, f-p-glucopyranosyl or f-p-ribofuranosyl 
groups greatly decreases or abolishes the inhibitory 
activity. The natural nucleotide 5:6-dimethyl-1- 
(x-D-ribofuranosyl)benzimidazole 3’-phosphate has 
an inhibitory activity of the same order as that of 
the free base. Substitution in position 1 with B-p- 
ribofuranosyl greatly decreases the inhibitory 
activity of 5:6-dichlorobenzimidazole, but slightly 
enhances the activity of 4:5:6-trichlorobenzimid- 
azole; in the latter case no significant difference is 
produced by substitution with 1-8-p- or 1-«-p- 
ribofuranosyl groups. 

Substitution with HO-, CH,— or C,H;-— in position 
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2 appears to have little effect, although Table 5 
shows that there are significant differences in the 
activities of certain benzimidazole as opposed to 
corresponding benzotriazole derivatives. The differ- 
ence is not consistent, as in three cases the triazole 
derivative is more effective and in three cases less 
effective than the corresponding imidazole com- 
pound. 

Stimulatory substances. Substitution with an 
amino group in position 6 of benzimidazole gives 
rise to substances which stimulate the incorporation 
of glycine. Table 6 shows the action of some stimu- 
latory substances of this type; the most effective so 
far tested is 6-amino-4-hydroxybenzotriazole. The 
degree of stimulation is variable; in the majority of 
experiments the incorporation of glycine is in- 
creased by 40-80% in the presence of 0-001 M-6- 
amino-4-hydroxybenzotriazole, but in occasional 
experiments the stimulation amounts to 100— 
150 % and on one occasion rose to 250 % (mean 55; 
n 27; standard deviation 45; range 8—250). The 
concentration giving optimum stimulation is also 
somewhat variable, normally lying between 0-0003 
and 0-001, higher concentrations frequently being 
inhibitory. The reason for the variable nature of the 
effect has not been traced, although it may lie in 
variable amounts of certain trace metals in the 
incubation system. It is probable that many of 
these substances act as chelating agents, but it has 
not been possibie to alter their activity significantly 
by carrying out tests in the presence of EDTA, in 
media stripped of heavy metals as described above, 
or by the addition of 10-*m-Cu?*, -Co?+ or -Fe** ions 
to the incubation medium. 

Antagonism of inhibition by benzimidazole de- 
rivatives. Woolley (1944) found that the growth- 
inhibitory action of benzimidazole could be an- 
tagonized by purines, guanine being a more effective 
antagonist than adenine. Table 6 shows that the 
purines or their ribosides are not markedly effective 
as antagonists of the inhibition of the incorporation 
of glycine by 5:6-dimethylbenzimidazole. The stimu- 
latory derivatives, however, do act as antagonists, 
and complete antagonism is given by an equimolar 
concentration of 6-amino-4-hydroxybenzotriazole. 
Fig. 5 shows the time course of the incorporation of 
glycine in the presence of 5:6-dimethylbenzimid- 
azole and 6-amino-4-hydroxybenzctriazole separ- 
ately and together. 6-Amino-4-hydroxybenzotri- 
azole (0:001M) also gives complete antagonism of 
inhibition by 0-0001M-1-allyl-5:6-dimethylbenz- 
imidazole and partial antagonism of inhibition by 
4-methoxy-6-nitrobenzotriazole (see Table 8). 


Analogues of dimethyldiaminobenzene 
Woolley & Pringle (1952) showed that a number of 
substituted benzenes are potent inhibitors of the 
growth of S. aureus and suggested that they act as 
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Table 4. Inhibition of incorporation of glycine in disrupted staphylococcal cells by benzimidazole derivatives 


Conditions as for Table 1. Results were collected from fifteen experiments, 5:6-dimethylbenzimidazole being included in 


all experiments (see text). Mean value of controls =3189 counts/min./mg. of preparation (estimations on TCA precipi- 
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tates); range 2277-4134. 


(40) 


Table 5. Comparison of benzimidazole and benzotriazole derivatives as inhibitors of incorporation of glycine 


Conditions were as for Table 1. Estimations were made on the TCA precipitate; control without inhibitor = 3097 counts/ 


1-Allyl-5:6-dimethylbenzimidazole 
6-Methoxy-4-nitrobenzimidazole 
4-Methoxy-6-nitrobenzotriazole 
4:5:6-Trichloro-1-8-p-ribofuranosylbenzimidazole 
4:5:6-Trichloro-1-«-p-ribofuranosylbenzimidazole 
2:3:6-Trimethylbenzoxazole 
5-Methoxy-7-nitroquinoxaline 
4:5:6-Trichlorobenzimidazole 
4-Hydroxy-2-methyl-6-nitrobenzimidazole 
5:6-Dichlorobenzimidazole 
5:6-Dimethylbenzimidazole 
5:6-Dimethyl-1-«-p-ribofuranosylbenzimidazole 3’-phosphate 
2-Ethy]-5-methylbenzimidazole 
5-Nitrobenzimidazole 

4-Nitrobenzimidazole 


N-p-Glucosy]-4:5-dimethyl-N’-thioformyl o-phenylenediamine 


5:6- Dimethyl-1-8-p-ribofuranosylbenzimidazole 
5:6-Dichloro-1-8-p-ribofuranosyl benzimidazole 
Benzimidazole 

2-Hydroxybenzimidazole 

Benzotriazole 
1-(2:3-Dihydroxypropy])-5:6-dimethylbenzimidazole 
5:6-Dimethylbenzotriazole 
1-8-p-Glucopyranosy]-5:6-dimethylbenzimidazole 


min./mg. of preparation. 


Substituent in position 





— — Concn. 

4 5 6 (mm) 
(41, 42) NO, MeO — 0-1 
(43, 44) NO, — EtO 0-1 
(19, 45) NO, _— MeO 0:3 
(30, 31) — NO, — 0-3 
(1,46) — CH, CH, 1-0 
- — 1-0 


(35, 37) — - 


Conditions were as for Table 1; all derivatives were tested at a final concentration of 0-001m. Control without derivative 


Percentage 
Conen. (mM) inhibition 
giving 50% given by 
inhibition 0-001 M 
0-044 _ 
0-09 — 
0-15 
0-21 = 
0-21 -- 
0-25 _ 
0-28 — 
0-40 — 
0-50 
0-52 - 
0-7 
0-85 
1-3 -- 
1-8 o= 
3-0 43 
— 43 
- 28 
- 27 
— 22 
- 13 
— 9 
— 7 
_— 4 
— 0 


Percentage inhibition by 





195 


” ipa a = a a a eta a, | 
Benzimidazole Benzotriazole 
derivative derivative 
38 0 
25 65 

5 32 
26 67 
65 10 
15 7 


Table 6. Stimulation of incorporation of glycine by benzimidazole derivatives 
and their antagonistic action against 5:6-dimethylbenzimidazole 


= 2631 counts/min./TCA precipitate from 1-0 mg. of preparation. 


Percentage 


effect on 


incorporation 
of glycine 


5:6-Dimethylbenzimidazole -70 
(47) 6-Amino-4-hydroxybenzotriazole +55 
(48) 6-Amino-4-hydroxy benzimidazole +20 
(49) 6-Aminobenzimidazole +15 

Guanine +13 
(50) 8-Azaguanine +10 
(51) Guanosine +10 


Guanylic acid 
Adenine 
Adenosine 


Percentage 
antagonism of 
inhibition by 
0-001 M-5:6-di- 
methylbenz- 
imidazole 


/ 





snr? 


Fig. | 
4-h 
by 
cor 
asf 
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tris 
6-a 
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inhibitors of the metabolism of 4:5-diamino-1:2- 
dimethylbenzene, a precursor of benzimidazole 
derivatives such as vitamin B,, and riboflavin. They 
found that the inhibitory nature of the derivatives 
increased with progressive substitution in positions 
1, 2, 4 and 5 with active groups such as Cl-, NO,- 
and HO-. A somewhat similar situation has been 
encountered in the present studies. Substances 
which have no significant inhibitory effect on the 
incorporation of glycine include o-phenylenedi- 
amine, o-nitroaniline, 3:4-dichloroaniline and xyli- 
dene; Fig. 6 shows the degree of inhibition obtained 
in the presence of other analogues of dimethyldi- 
aminobenzene.  4:5-Diamino-1:2-dichlorobenzene 
has approximately the same inhibitory action as 
5:6-dichlorobenzimidazole, while 2-amino-4:5-di- 
methylphenol is as active as 1-allyl-5:6-dimethy]l- 
benzimidazole. The most potent inhibitor is 1:2- 
dichloro - 5 - nitro-4-(p-nitrobenzenesulphonamido)- 
benzene (DCDNS); omission of the 5-nitro group 
decreases the activity by 10 times, while the corre- 
sponding 1:2-dimethyl-4-(p-nitrobenzenesulphon- 
amido)benzene gives less than 30% inhibition at 
0-3mm. Woolley (1952a) found that DCDNS was 
the most effective growth inhibitor of this series. 
p-Nitrobenzenesulphonamide has no effect on the 
incorporation of glycine when tested at concentra- 
tions of 1 mm or less. No significant antagonism of 


an 


wn 


> 


nN 


> 





Oo 
Oo 


30 60 


90 120 


10°-3x glycine incorporation (counts/min./mg. of preparation) 
w 


Time at 37° (min.) 


Fig. 5. Effect of 5:6-dimethylbenzimidazole and 6-amino- 
4-hydroxybenzotriazole on the incorporation of glycine 
by disrupted staphylococcal cells incubated under 
condition 1. Conditions were as for Fig. 1 with additions 
as follows: curve 1, noaddition; curve 2, mm-5:6-dimethyl- 
benzimidazole; curve 3, mm-6-amino-4-hydroxybenzo- 
triazole; curve 4, mm-5:6-dimethylbenzimidazole + mm- 
6-amino-4-hydroxybenzotriazole. 
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DCDNS has been obtained with 6-amino-4-hydroxy- 
benzimidazole, the corresponding benzotriazole, 
benzimidazole, p-aminobenzoic acid, guanine, 
guanosine, adenine or azaguanine. 


Antibiotics and antimicrobial drugs 

Fig. 7 shows the inhibitory action of a variety of 
antibiotics and antimicrobial drugs. The actions of 
penicillin and chloramphenicol have been reported 
previously (Gale & Folkes, 1955a) and are included 
for purposes of comparison; together with puro- 
mycin they differ from other inhibitors in that in- 
hibition reaches a plateau value which is much less 
than 100%. Of the substances tested penicillin is 
the most potent inhibitor at low concentrations, but 
even so this antibiotic is less effective than DCDNS 
Ethidium bromide (2:7-diamino-10-ethyl-9-phenyl- 
phenanthridinium bromide), an antiprotozoal drug 
(Watkins & Woolfe, 1952), is an inhibitor of the 
same order of activity as Terramycin. Substances 
which had no significant effect at concentrations of 
0-001 or less included streptomycin, suramin and 
isoniazid. 


Inhibition of incorporation of glycine in the presence 
of other amino acids (condition 2) 
In Table 7 are compared the degrees of inhibition 


produced by a variety of inhibitors tested on the 
incorporation of glycine under condition 1 (glycine 
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Fig. 6. Inhibition of glycine incorporation by analogues of 


benzimidazole and diaminodimethylbenzene. Conditions 
were as for Fig. 1; incorporation was estimated after 
90 min. incubation in presence and absence of inhibitor. 
Radioactivity was estimated on TCA precipitate and 
inhibition expressed as percentage rate of incorporation 
in absence of inhibitor; the results show two experiments: 
control for nos. 18. 27, a 59 = 2963 me nna ar of 
preparation, for nos, 27, 52, 53,54, 55 = 2054 counts/min./ 
mg. of preparation. inhibitors: 52, o- semanas 27, 
5:6-dichlorobenzimidazole; 53, 4:5-diamino-1:2-dichloro- 
benzene; 54, 2-amino-4:5-dimethylphenol; 18, 1-allyl- 
5:6-dimethylbenzimidazole; 59, 1:2-dichloro-4-(p-nitro- 
benzenesulphonamido) benzene ; 55, 2-bromo-4:5-dichloro- 
phenol; 56, DCDNS. 
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being the only amino acid present in the incubation 
medium) and condition 2 in the presence of a com- 
plete mixture of amino acids (Gale & Folkes, 
1955a). In general there is little difference in the 
degree of inhibition produced under the two condi- 
tions, although 5:6-dimethylbenzimidazole and its 
1-allyl derivative are less effective under condition 2 
than under condition 1. Oxine is less effective at 
10m than at 10-*m under condition 2 whereas, as 
shown above, the lower concentration is the more 





100 2 @) x 100 (b) 
80 80 
= 60 = 60 
6 6 
SB 40 5 40 
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20 ar Lo 
0 ol _ 


7 §§ 35 + 3 > =5 6 = 
Log (molar concn.) Log (molar concn.) 


Fig. 7. Inhibition of incorporation of glycine by anti- 
biotics (a) and other antimicrobial substances (5). 
Conditions were as for Fig. 1; incubation was for 90 min. ; 
estimations were on the TCA precipitate. Results are 
expressed as percentage inhibition of rate of control 
without inhibitor. Value of control =3379 (a), 2859 (b) 
counts/min./mg. of preparation. (a) A, Puromycin; 
A, chloramphenicol; @ —@, penicillin; O, Terramycin; 
x, aureomycin; e---e, DCDNS. (b) @, Antrycide; 
A, proflavine; O, propamidine; A, acriflavine; x , pent- 
amidine; @, ethidium bromide. 


effective under condition 1; this is compatible with 
the suggestion that the toxic substance is a metal 
complex, as the amount of free metal ion in the 
medium would be reduced by the presence of amino 
acids under condition 2. 


Antagonism of inhibitors by 6-amino- 
4-hydroxybenzotriazole 

Since the inhibitory benzimidazole derivatives 
were found to be antagonized by 6-amino-4-hydroxy- 
benzotriazole (see Table 6), the action of the latter 
substance has been tested in the presence of some of 
the other substances found to be inhibitors of the 
incorporation of glycine. Table 8 lists the results 
and shows that 6-amino-4-hydroxybenzotriazole 
antagonizes the action of 2-amino-4:5-dimethy]- 
phenol but not that of 4:5-diamino-1:2-dichloro- 
benzene or 2-bromo-4:5-dichlorophenol. The inter- 
esting antagonism is that of oxine, whose inhibitory 
action at concentrations of 10-°m (giving maximal 
inhibition, see Fig. 1) or less is largely abolished by 
0-001 Mm -6-amino -4-hydroxybenzotriazole. There 
may be some antagonism of ethidium bromide at 
low concentrations but no significant antagonism of 
the antibiotics tested was obtained. 


Action of inhibitors on the incorporation 
of other amino acids 


Table 9 summarizes the action of some of the 
inhibitors on the incorporation of other amino 
acids each tested under condition 1. The general 
picture is the same in all cases tested, although 
there are variations in the degree of sensitivity. It 


Table 7. Action of inhibitors on the incorporation of glycine by disrupted staphylococcal cells incubated 
under conditions 1 and 2 


Conditions were as for Table 1: condition 1 was with glycine as sole amino acid present; condition 2 was in the presence 
of a complete mixture of naturally occurring amino acids, each component at a concentration of 0-4 mg. of L-isomer/3-0 ml., 
only glycine being labelled with “C. Estimations were made on the TCA precipitate; controls without inhibitor =3123 
(condition 1), 989 (condition 2) counts/min./mg. of preparation. 


Percentage inhibition 


Conen. OF 
Inhibitor (mm) Condition 1 Condition 2 

5:6-Dimethylbenzimidazole 30 90 52 

1-0 65 ll 
1-Allyl-5:6-dimethyl benzimidazole 0-05 50 8 
5:6-Dimethyl-1-8-p-ribofuranosylbenzimidazole 1-0 0 0 
4:5:6-Trichlorobenzimidazole 0-3 49 44 
4:5:6-Trichloro-1-8-p-ribofuranosyl benzimidazole 0-3 53 23 
4:5:6-Trichloro-1-«-p-ribofuranosylbenzimidazole 0-3 48 65 
4-Methoxy-6-nitrobenzotriazole 0-1 52 36 
Ethidium bromide 1-0 97 98 

0-1 43 71 
Oxine 1-0 70 63 

0-01 95 0 


DCDNS 





0-001 66 
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Table 8. Antagonism of inhibitors by 6-amino-4-hydroxybenzotriazole 


Conditions were as for Table 1. Results were collected from seven experiments. Mean value of controls =3190 counts/ 
min./mg. of preparation (estimations on TCA precipitates); range 2631-3277. 


Conen. 


Inhibitor (mm) 
(18) 1-Allyl-5:6-dimethyl benzimidazole 0-1 
(1) 5:6-Dimethylbenzimidazole 1-0 
(54) 2-Amino-4:5-dimethylphenol 0-1 
(20) 4-Methoxy-6-nitrobenzotriazole 0-1 
(55) 2-Bromo-4:5-dichlorophenol 0-01 
(53) 4:5-Diamino-1:2-dichlorobenzene 1-0 
Oxine 0-1 
0-01 
0-003 
(57) Ethidium bromide 0:3 
0-1 
Aureomycin 0-03 
Penicillin 0-01 
Chloramphenicol 0-1 
(58) Aminopterin 3-0 
(56) DCDNS 0-001 


Percentage inhibition in presence of 
v-amino-4-hydroxybenzotriazole 

at final conen. Percentage 

_ A ——, antagonism 

1-0 mm 


0 0-1 mm 0-3 mm 


(1-0 mmo) 

57 23 17 0 100 
76 61 12 4 95 
56 25 15 14 75 
42 32 31 27 45 
86 80 80 76 ll 
35 40 40 45 0 

2 81 81 80 0 
86 75 65 31 64 
74 — 18 9 88 
89 90 91 91 0 
30 28 24 23 23 
67 71 66 60 10 
48 47 44 43 10 
40 39 39 43 0 
38 - 42 45 0 
36 - 44 55 0 


Table 9. Inhibition of incorporation of various amino acids tested under condition 1 


Conditions were as for Table 1 except that glycine was substituted by one other amino acid as below. Estimations were 
made on the TCA precipitate; results are expressed as percentage inhibition of control without inhibitor, shown in final 


column. 


Inhibitor 


1-Allyl- 


5:6-Dimethyl- 5:6-dimethyl- 


4-Methoxy- 
6-nitrobenzo- 


Incorporation 
in control 


Amino acid benzimidazole benzimidazole triazole DCDNS Oxine (counts/min./mg. 

incorporated 1-0 mm 0-1 mm 0-1 mm pM 0-01 mm of prep.) 
Glycine 70 70 57 67 70 2862 
Aspartic acid 22 49 15 -- 73 1867 
Glutamic acid 40 48 72 65 76 3832 
Lysine 38 56 27 — — 1562 
Leucine Ad 28 10 36 40 1956 
Arginine 25 44 40 — 48 750 
Phenylalanine 33 46 41 — — 1045 
Isoleucine 0 0 24 41 = 1362 
Valine 0 6 0 25 501 

3-3 mM 1-0 mu 0-2 mm 0-01 mm 

Valine 54 84 21 85 — 501 


has been shown before (Gale & Folkes, 1955a) that 
the sensitivity of incorporation reactions to peni- 
cillin and chloramphenicol varies widely with the 
amino acid studied; there is no evidence of similar 
variations with the inhibitors listed in Table 9. The 
incorporation of valine and isoleucine is less sensi- 
tive than that of the other amino acids tested, but 
the bottom line of Table 9 shows that, at least for 
valine, this is again a question of degree rather than 
an absolute difference in sensitivity. 6-Amino-4- 
hydroxybenzotriazole at a concentration of 0:3 mm 
stimulated the incorporation of all the amino acids 
tested, the degree of stimulation varying between 10 
and 60 % of the control. 


DISCUSSION 


Benzimidazole appears to act as an inhibitor of 
growth by competitive inhibition of purine meta- 
bolism (Woolley, 1944); Tamm (1954, 1955, 1956) 
found that the derivatives most effective in in- 
hibiting the growth of influenza virus are those 
related to the purine nucleosides. Thus 1-f-ribo- 
furanosy1-4:5:6-trichlorobenzimidazole is some 15 
times as inhibitory as trichlorobenzimidazole itself, 
whereas the 1-«-ribofuranosyl derivative is only 
3 times as effective as the base. These results differ 
from those in the present studies in that the ribo- 
furanosyl derivatives are only slightly more 
33-2 
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effective than the trichloro derivative in inhibiting 
the incorporation of glycine. A further difference 
appears in the 5:6-dichloro derivatives: 1-f-ribo- 
furanosy1-5:6-dichlorobenzimidazole is approxi- 
mately 7 times as effective as the base in inhibiting 
the multiplication of influenza virus but has only 
a small fraction of the activity of the base in in- 
hibiting the incorporation of glycine. It would 
appear from these differences that the benzimid- 
azole derivatives are affecting different mechanisms 
in the two systems; certainly the purines are not 
effective antagonists of the inhibition of the in- 
corporation of glycine by benzimidazole (see 
Table 6). It may be that the component of the 
incorporation mechanism which is inhibited by 
benzimidazole derivatives is not a purine or purine 
nucleoside. If we take into account the general 
principles that have been evolved as a result of 
studies of antimetabolites (Woolley, 19526; Kodicek 
1949) we can deduce that the active component 
must bear a structural relationship to benzimidazole 
and that positions 4, 5 and 6 are important in 
determining its activity. Position 1 is clearly im- 
portant also since substitution with «-ribofuranosyl, 
glucopyranosyl or dihydroxypropy] in that position 
abolishes, whereas substitution with allyl increases, 
the inhibitory activity of 5:6-dimethylbenzimid- 
azole. 

It is of interest that 6-amino-4-hydroxy deriva- 
tives of either benzimidazole or 
stimulate incorporation and antagonize the in- 
hibitory action of other benzimidazole derivatives 
and related structures. The same structural unit is 
found in oxine, which is a potent inhibitor in 
media containing heavy metals. It seems 
probable that the action of oxine is due simply 
to its action as a chelating agent since, on the one 
hand, it is antagonized by 6-amino-4-hydroxy- 
benzotriazole whereas, on the other, EDTA is with- 
out inhibitory effect. It may be that the structure 


fy 
o. Mar 
N | 

OH 


benzotriazole 


im- 


present in many of the active substances described 
here, represents an active centre in the incorpora- 
tion mechanism. Such structures form chelate 
complexes, and the potency of oxine chelates may 
be due to their structural resemblance to, and 
consequent competition with, the nafural com- 
ponent of the system. The necessity for a metai 
component is consistent, again, with the demon- 
stration by Saz & Slie (1954a, 6) and Saz & 
Martinez (1956) that the inhibitory action of 
aureomycin can be ascribed to inactivation of 
metal. 


E. F. GALE AND J. P. FOLKES 


SUMMARY 


1. The incorporation of glycine by disrupted 
staphylococcal cells, incubated with a source of 
energy and [!4C]glycine only, is inhibited by 8- 
hydroxyquinoline (oxine) but not by ethylene- 
diaminetetra-acetic acid. The maximal inhibitory 
concentration of oxine is 10-°m, higher concentra- 
tions being less inhibitory. This concentration 
abolishes the stimulation of incorporation produced 
by the addition of nucleic acid to the nucleic acid- 
depleted preparation. 

2. Oxine is not inhibitory in media from which 
heavy metals have been removed. 

3. Benzimidazole is a feeble 
activity is markedly increased by substitution with 
CH,~- or Cl- in positions 4, 5 and 6. The inhibitory 
activity of 5:6-dimethylbenzimidazole is increased 
by substitution with an allyl group in position 1, but 
similar substitution with f-p-ribofuranosyl, B-p- 
glucopyranosyl or 2:3-dihydroxypropyl groups 
abolishes inhibitory activity. 

4, 6-Amino-4-hydroxybenzimidazole and 6-amino- 
4-hydroxybenzotriazole stimulate the incorpor- 
ation of glycine and antagonize the inhibition by 
5:6 -dimethylbenzimidazole, 1-allyl - 5:6 -dimethyl- 
benzimidazole and oxine. 

5. Analogues of 4:5-diamino-1:2-dimethylbenz- 
ene are inhibitors of the incorporation of glycine. 
The most potent inhibitor found is 1:2-dichloro-5- 
nitro-4-(p-nitrobenzenesulphonamido)benzene. 

6. Aureomycin, Terramycin, penicillin, ethidium 
bromide, pentamidine and acriflavin inhibit the 
incorporation of glycine; streptomycin, suramin 
and isoaniazid are among inactive substances 
tested. 


inhibitor whose 
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The Solubility and Fractionation of 8,-Lactoglobulin 


By M. 


P. TOMBS 


Department of Biochemistry, University of Oxford 


(Received 6 May 1957) 


B-Lactoglobulin is an easily accessible crystalline 
protein and has been used in many experiments, 
often with the assumption that it is homogeneous. 
Since Li (1946) 
heterogeneity, it has been firmly established that it 
is a mixture, and attempts at fractionation have 
been made (Polis, Schmukler, Custer & McMeekin, 
1950; Preaux, Hulsmans & Lontie, 1954; Smithies, 
1954). More recently it has been found that it is 
a member of the rapidly increasing number of 


demonstrated electrophoretic 


proteins known to be under direct genetic control. 
Aschaffenburg & Drewry (1955) showed that some 
cows produced two lactoglobulins, £,- and f,-, 
some only f,- and some only f,-. £,-Lactoglobulin 
was the faster in paper electrophoresis at pH 8-6. 
This made all work carried out on mixed milk 
preperations (the great majority) of uncertain 
validity. Ogston & Tombs (1957) studied the 
separate proteins, obtained from appropriate cows, 
and found that the titration curves and ultraviolet 
spectra were different, though the molecular weights 
were very similar. Green, North & Aschaffenburg 
(1956) had reached the latter conclusion from X-ray 
studies. However, the electrophoretic boundaries 
obtained with both separate proteins at pH 4-66 
were complex, the feature which initially led to 
doubts on the homogeneity of mixed preparations, 
and leads equally to doubts of the homogeneity of 
the individual proteins. 

Among previous workers only Ogston & Tilley 
(1955) made efforts to ensure that milk from single 
cows was used for their preparations, and they were 
able to distinguish ‘normal’ and ‘abnormal’ types of 
lactoglobulin. The ‘normal’ type (identified as ,- 
lactoglobulin by Ogston & Tombs, 1957) gave a 
boundary pattern indicating two components on 
U-tube electrophoresis at pH 4-66, while the pro- 
portion of slow component varied with protein con- 
centration down to a limit of 20% at high concen- 
trations. To account for this they supposed that this 





material consists of two proteins: one, about 80% 
of the whole, polymerizes with increasing con- 
centration; the other, about 20% of the whole, 
migrates slowly and does not polymerize. The 
heterogeneity of £,-lactoglobulin has now been 
investigated further by means of solubility tests. 


EXPERIMENTAL 


Typing of cows and preparation of B,-lactoglobulin. 'This 
was by the method of Aschaffenburg & Drewry (1957), 
slightly modified as described by Ogston & Tombs (1957), 
and the samples of £,-lactoglobulin, two in all, were the same 
as used by them. 

Concentration. Concentrations (g./100 ml. of solution) 
were found with a refractometer (Cecil & Ogston, 1951). The 
specific refractive increment used was 1-8 x 10-* in all cases. 

U-tube electrophoresis. A Hilger Tiselius apparatus was 
used as described by Ogston & Tilley (1955). The 3-5 ml. cell 
was used with a bath temperature of 1°. The current was 
always 10 ma at about 400v. Boundaries were divided to 
estimate ‘fast’ and ‘slow’ components according to the 
method of Ogston & Tilley (1955). 

Ultraviolet absorption. This was determined in a Hilger 
Uvispek spectrophotometer with matched 1 cm. cells of 
3 ml. capacity. 

pH measurements. These were made at room temperature 
with a Cambridge Instrument Co. glass electrode and valve 
voltmeter calibrated against potassium hydrogen phthalate, 
pH 4-0. 

Solubility tests 


Variable-solvent solubility curves. The standard solvent 
system was similar to that used by Smithies (1954). The 
solutions were made from A.R. reagents and glass-distilled 
water. The acetate buffer, pH 4-95, contained 1-6mM-sodium 
acetate-1-06M-acetic acid. Ammonium sulphate solutions 
in the range 2-53-3-2m were made up by diluting a 3-2m- 
standard solution (422-8 g./l.). Wet protein crystals (which 
had been dialysed against water) were separated by centri- 
fuging and dissolved in 1-6m-sodium chloride. The solution 
was then dialysed against 1-6m-sodium chloride for at least 
24hr. Protein concentrations of about 1% (w/v) were 
suitable for all these experiments. Acetate buffer, pH 4-95, 
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was then mixed with an equal volume of the dialysed protein 
solution and | ml. samples were pipetted into 5 ml. centri- 
fuge tubes which had been cleaned with chromic acid. In 
many early tests 0-5 ml. of protein solution followed by 
0-5 ml. of buffer solution was run into each tube. A slight 
increase in reproducibility was apparent when they were 
pre-mixed. Ammonium sulphate solution (3 ml.) was then 
added to give a final concentration of ammonium sulphate in 
the range 1-9—2-4m. The tubes were sealed with clean rubber 
bungs lightly greased with silicone stopcock grease, and 
inverted twice to mix. 

Care was taken throughout to pipette as accurately as 
possible, and it was found markedly advantageous to fill 
each pipette and empty it at least once before pipetting the 
ammonium sulphate solutions. Not more than twenty-four 
tubes could be handled at a time without loss of accuracy. 
The final buffer concentration was 0-2 M-acetate, which was 
sufficient to prevent significant change in pH caused by 
varying the ammonium sulphate concentration over the 
range used. 

After being mixed the tubes were allowed to stand either 
at 25° in a water bath or at room temperature (15-17°). 
Equilibration times varied, but 24 hr. was the usual period. 
The curve after 6 hr. was indistinguishable from that after 
24 hr. 

After equilibration the tubes were centrifuged in batches 
of 6 in a fixed-head centrifuge at about 20 000 g for 20 min.: 
the clear supernatant was decanted straight into the 
Uvispek cell. Absorption at 278 mp, the wavelength of 
maximum absorption of the main component of f,-lacto- 
globulin under these conditions, was used as a direct 
measure of protein concentration. 

Constant-solvent solubility curves. It was required to 
make up solutions containing varying amounts of protein, 
in a constant volume of solvent of constant composition. 
The solvent was chosen to correspond, with respect to the 
concentrations of ammonium sulphate, sodium chloride and 
buffer, with the point at 2-12M-ammonium sulphate on the 
variable-solvent curve. 

The weight of 0-5 ml. of protein solution was found: the 
weight of 0-5 ml. of diffusate differed negligibly from this. 
Samples (0-5 ml.) were then made up by weighing amounts 
of protein solution equal to or less than this weight, and 
making up to the required final weight (that of 0-5 ml. of 
solution), with diffusate. To each tube was then added 
0-5 ml. of buffer and 3 ml. of ammonium sulphate solution. 
The final concentrations in each tube were then 0-2M- 
sodium chloride, 0-2M-acetate and 2-12M-ammonium 
sulphate, while the weights of protein solution added gave 
a measure of the total amount of protein in the system. The 
procedures for equilibration and determination of the 
protein in solution were the same as in the variable-solvent 
test. This gave the result in Fig. 4. 

The downward slope of the right-hand limb of the plot was 
unexpected. It was thought that this might be due to 
change of pH caused by the varying amount of protein. 
Accordingly, in all subsequent experiments the protein was 
dissolved in, and dialysed against, a solution containing 
0-8 m-NaCl and acetate buffer, pH 4-95 (0-8 M-sodium acetate, 
0-53M-acetic acid). The tubes were made up as before, 
except that the protein—buffer mixture was made up by 
weighing to 1 ml., followed by 3 ml. of ammonium sulphate 
solution, giving final concentrations as before. This pro- 
cedure eliminated the downward slope (Fig. 5). 


TOMBS 


In a few instances a calibrated 1 ml. pipette with a drawn- 
out tip was used to measure volumes directly, and gave 
satisfactory results. At a later stage the use of Agla micro- 
meter syringes gave results comparable in every way with 
those obtained by weighing. The solvent system used was 
very sensitive to evaporation, and for long periods of 
equilibration it was necessary to layer liquid paraffin or a 
liquid silicone (M.S. 200/1, density 0-9 g./ml., Hopkins and 
Williams Ltd.) in the tubes before evaporation was com- 
pletely prevented. Liquid paraffin was inferior to silicone 
because precipitate tended to stick in the interface during 
centrifuging. Some of the tubes equilibrated for long 
periods developed haze because of this effect. The absorption 
at 350 mp was taken as a correction for haze; corrected 
readings were then identical with those of identical tubes in 
which haze was absent. 

B,-Lactoglobulin had a negative temperature coefficient 
of solubility in these solvents. In obtaining the points for 
Fig. 1 it was impracticable to centrifuge at all the different 
temperatures; instead precipitate was separated from 
supernatant by gently pushing a plug of cotton wool down 
the tube. Then 2 ml. samples were withdrawn and diluted 
to3 ml. with water. This prevented precipitation on warming 
to room temperature. This procedure was not very efficient 
with the precipitates formed at low temperatures, and the 
results are not as accurate as in the experiments where 
centrifuging was possible. Experiments were carried out at 
room temperature instead of at 25° because centrifuging and 
fractionation were more conveniently performed there. The 
change in solubility over this range is small, but re-equilibra- 
tion was taking place during centrifuging at room tempera- 
ture after equilibration at 25°. 





Fractionation of B,-lactoglobulin 


In the first attempt the solvent conditions fixed by the 
point at 2-19mM-ammonium sulphate in Fig. 3A, and the 
total protein concentration used for that curve, were re- 
produced, but in a volume of 800 ml. instead of 4 ml. Thus 
200ml. of a 0-6 % solution of protein in NaCl—buffer mixture 
was made up to 800 ml. with the appropriate ammonium 
sulphate solution to give a final concentration of 2-19M- 
ammonium sulphate. With this volume about 1 g. of protein 
could be dealt with. Centrifuging was difficult on this scale 
and the precipitate was never firmly packed. 


06 
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Fig. 1. Variation of solubility of B,-lactoglobulin with 
temperature in 2-12M-ammonium sulphate, 0-2 M-sodium 
chloride, 0-2 M-sodium acetate, with acetic acid to pH 4-95. 
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In the revised procedure the solvent conditions defined by 
the point at 2-15M-ammonium sulphate in the variable- 
solvent curve were preserved, but in a volume of 80 ml., 
and the protein concentration was increased so that about 
2g. was used. Precipitate was centrifuged out in a Spinco 
Model L preparative ultracentrifuge in the ‘30’ head for 
45 min. at 29 500 rev./min., giving about 50 000 g. Protein 
remaining in the supernatant was obtained by saturating it 
with ammonium sulphate and centrifuging out the pre- 
cipitate as before. The sediments were well compacted and 
were collected with very little contamination from super- 
natants. 

The precipitates were dissolved in the appropriate solvent 
for further tests, and dialysed against them. A small 
amount of insoluble material appeared and was removed by 
centrifuging after dialysis. 





RESULTS AND DISCUSSION 
Solubility methods, although they have been 
relatively little used, are among the most sensitive 
for investigating the homogeneity of proteins. The 
two methods are the variable-solvent method, 
where a constant amount of protein is precipitated 
to differing extents by different salt concentrations 


(e.g. Brown, 1952; Falconer & Taylor, 1946; 
Dervichian & Mossé, 1954; Roche, Derrien, 


Reynaud, Laurent & Roques, 1954) and the con- 
stant-solvent methed, where protein is added to a 
fixed solvent system until saturated solubility is 
reached (Northrop & Kunitz, 1930). 


Interpretation of solubility tests 


In the variable-solvent test, every protein has a 
characteristic solubility curve, and if two or more 
proteins are present they give a combined curve 
with sharp breaks, each part of the curve following 
(Cohn, 1925) an equation of the form: 


In S=f-—KI, (1) 


where S is the solubility, J the ionic strength and B 
and K are constants characteristic of the protein. 
The solubility of a substance, other things being 
equal, is determined by its solid state, and every 
break in the solubility curve represents the appear- 
ance of a new solid phase. This does not necessarily 
arise from a separate protein in solution. Smithies 
(1954) has described the effect of crystallization in 
introducing extra breaks into the solubility curve 
of mixtures of amorphous f,- and f,-lactoglobulins. 
However, the two different solid forms need not be 
obviously crystalline and apparently amorphous 
respectively ; Ogston & Tombs (1956) have described 
the situation where two solid forms are produced 
from only one protein in solution, neither of them 
apparently crystalline. The break then represents 
a transition point. They showed that this kind of 
break is invariant, i.e. its position on the solubility 
curve does not change when total protein concen- 
tration is changed. On the other hand, a break 
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representing the appearance of another solid phase 
from a distinct protein in solution is not invariant 
and will move up the solubility curve if the total 
protein concentration is increased, and down if it is 
decreased. No crystallization occurred in this work. 

In the constant-solvent test, if two proteins are 
present, one will be precipitated first, but the 
solution is not saturated until precipitates of both 
are present. Solid protein will therefore appear 
before saturated solubility is reached and a plot of 
the type shown in Fig. 2 by ABCD will be obtained. 
Again, every break represents the appearance of 
a new solid phase, and the same considerations 
apply here as in the variable-solvent test. Since the 
solvent system is fixed, however, where a single 
protein gives two solids, one of them must be 
metastable and this will have the greater solubility. 
If so, ABCD will change to ABF on further equi- 
libration. 


Solubility curves of B,-lactoglobulin 

The variable-solvent solubility curve of B,-lacto- 
globulin showed three breaks (Fig. 3). Ogston & 
Tombs (1956) have presented evidence showing that 
the break at 2-14M-ammonium sulphate (7) is 
a transition point. The break at 2-23M-ammonium 
sulphate (7',) behaved in an exactly similar fashion. 
The other break at about 2-00 M-ammonium sulphate 
was only easily detected at quite high protein con- 
centrations, and must be due to a distinct minor 
component because it moved when protein concen- 
tration was varied. If its specific absorption is not 
very different from that of the rest of the material 
this minor component was present to the extent of 
about 10%. 

The constant-solvent plot was made at an 
ammonium sulphate concentration above 7. The 
initial experiment gave the results shown in 
Fig. 4. There was a clear break, but the saturated 


> 


Protein in solution 





> 


Total protein in system —» 


Fig. 2. Diagram of a constant-solvent solubility plot. 
ABCD is the result characteristic either of the presence 
of two distinct proteins or of a single protein having two 
different solid forms. In the latter system, ABCD should 
go to ABF on further equilibration. 
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solubility appeared to decrease as more protein was 
added. This may have been due to combination of 
the protein with buffer ion, since when the protein 
solution was pre-equilibrated with buffer the 
downward slope disappeared, though the break 
remained (Fig. 5). 

It was difficult to establish that one of these 
solids was not metastable. On equilibration for 
several days the break remained, and experiments 
performed at 2-17M-ammonium sulphate, below 
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Fig. 3. Variable-solvent solubility curve of ,-lacto- 
globulin. The solutions were 0-2m-sodium chloride, 
0-2m-sodium acetate, with acetic acid to pH 4-95. 
Protein concentrations were in the ratio A 1-59, B 0-98, 
C 0-48. The equilibration time was 24 hr. at room temper- 
ature. 7, and 7’, are transition points and do not vary 
with the concentration of protein. M moves as the con- 
centration of protein is varied and therefore indicates a 
separate component. 
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Fig. 4. Constant-solvent solubility curve of ,-lacto- 
globulin. The solvent was 2-12M-ammonium sulphate, 
0-2m-sodium chloride, 0-2mM-sodium acetate, with acetic 
acid to pH 4-95. Equilibration time was 24 hr. at room 
temperature. 


T,, gave a very similar plot, including a break. 
In the variable-solvent experiments equilibration 
between the different solid forms was rapid, the 
curve after 6 hr. being indistinguishable from that 
after 24hr., and it is unlikely that equilibration 
would be any slower in the constant-solvent experi- 
ments. The break remained for 8 days (Fig. 5). On 
equilibration for longer periods, up to 24 days, 
there was a slow rise in the ultraviolet absorption 
of the supernatants. A similar effect was noted by 
Northrop & Kunitz (1930) and was probably due to 
bacterial contamination. It was concluded that 
both the variable-solvent and the constant-solvent 
tests demonstrated heterogeneity. 


Salt fractionation 

The variable-solvent solubility curve lies at the 
basis of the experimental approach to salt fraction- 
ation. It is clear that the concentration not only of 
salt, but also that of protein, must be carefully 
controlled. The variable-solvent curve gives infor- 
mation on both these points; unfortunately it is 
adapted to use little protein, whereas in fractiona- 
tion it is desirable to use larger amounts. Simply 
scaling up the appropriate conditions derived from 
the variable-solvent curve leads to inconveniently 
large volumes which are difficult to centrifuge. 
Nevertheless, at some sacrifice of efficiency condi- 
tions may be found where protein concentration is 
practically immaterial. The steeper the solubility 
curve the less a break will move along the salt axis 
of the plot with change in protein concentration. If 
the curve 7M in Fig. 3A is extrapolated back it 
becomes nearly vertical at about 2-15M-ammonium 
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Fig. 5. Constant-solvent solubility plot of B,-lactoglobulin, 
under the same conditions as for Fig. 4, showing the 
persistence of the break with longer periods of equilibra- 
tion, and the absence of slope of the right-hand limb of 
the plot. The protein solution was first dialysed to 
pH 4-95, before the tubes were made up (see text). 
O, Equilibrated for 24hr. In a duplicate experiment, 
each solution was made up freshly and then equilibrated 
for 24 hr. () and for 8 days (@). 
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sulphate. Fractionation at any protein concentra- 
tion at this point will give as the precipitate nearly 
pure major component, leaving in solution major 
component enriched with minor component. 

B,-Lactoglobulin was fractionated by both these 
methods, with equivalent results. The major 
component was first spun out, the supernatant 
saturated with ammonium sulphate, and major 
component enriched with minor component pre- 
cipitated. Major component was tested for homo- 
geneity by both solubility methods. The variable- 
solvent curve (Fig. 6) at a protein concentration 
comparable with that of Fig. 3A showed very little 
or no minor component, though both transition 
points remained. The constant-solvent curve like- 
wise demonstrated that most of the minor com- 
ponent was removed. Precipitate, in extremely 
small amount, first appeared at the saturation point 
(Fig. 7). 

U-tube electrophoresis 

Fractions were examined by U-tube electro- 
phoresis in acetate buffer, pH 4-66 (0-1M-sodium 
acetate—0-088M-acetic acid). Fig. 8 shows typical 
boundaries obtained with this and unfractionated 
material. Pure major component still shows two 
peaks, though the trailing is of a slightly different 
shape from that of unfractionated protein. The 
proportion of slow component at high concentra- 
tion was about 10% instead of about 20% in the 
unfractionated material. On the other hand, the 
fraction enriched with minor component contains 
more slow component than unfractionated ,- 
lactoglobulin. The minor component evidently 
migrates as part of the slow boundary in the 
mixture. 
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Fig. 6. Variable-solvent solubility curve of purified major 
component, under the same conditions as for Fig. 3, 
showing the absence of the break M. The protein concen- 
tration was 1-25 on the scale used for Fig. 3. 
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Fig. 7. Constant-solvent solubility plot of purified major 
component under the same conditions as for Fig. 4, 
showing no break indicative of heterogeneity. 
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Fig. 8. Tracings of typical electrophoretic boundaries. 
A, f,-Lactoglobulin, 1-18 g./100 ml. after 90 min.; B, 
purified major component, 1-58 g./100 ml. after 80 min. 
C, major component enriched with minor component, 
0-92 g./100 ml. after 60 min. Origins are indicated by the 
vertical lines O. 





Polymerization of B,-lactoglobulin 


The percentage of slow component in the major 
fraction and unfractionated material varied with 
protein concentration (Fig. 9). Gilbert (1955) has 
given a theoretical treatment of polymerization 
during electrophoresis or ultracentrifuging. He 
concluded that if the polymer consists of more than 
two monomer units, and if equilibration is instan- 
taneous, then a partly resolved boundary indicating 
two components will be formed. The apparent per- 
centage of slow component derived from boundary 
analysis will vary from 100% at a concentration 
when fast component 
approached asymptotically, as total protein con- 
centration is increased. 

The theoretical curve may be calculated from the 
relation: 


is just formed to zero, 


1 (Total conen. at 
Percentage slow component = = 


Fig. 9 shows this curve for unfractionated and 
fractionated material. That for the unfractionated 
material levels off at about 15% more slow com- 
ponent than the curve indicates. 

The curve for the separated major component 
follows the theoretical curve more closely, particu- 
larly in tending to zero as concentration is increased, 
to a much greater extent than unfractionated. 
Nevertheless, it shows signs of levelling off at about 
10% slow component. No doubt the simple frac- 
tionation procedure used left the major component 
still contaminated to some extent with minor. The 
discrepancy between the theoretical curve and that 
of unfractionated material suggests the presence of 
about 15 % of a slowly migrating minor component. 
This agrees with the estimate of minor component 
obtained from the solubility studies. The curve 
given by the major component suggests that it still 
contains about 5% of minor component after 
fractionation. However, Gilbert’s relationship is 
based on the hypothesis of infinitely rapid establish- 
ment of equilibration in relation to the rate of 
resolution in electrophoresis. A finite rate of 
equilibration would lead to disagreement between 
the theoretical and experimental curves. Moreover, 
the requirement that the fast component be at 
least a trimer of the slow may be relaxed. Ogston & 
Tilley (1955) tentatively suggested that the faster 
migrating component of ‘normal’ f-lactoglobulin 
was a dimer. If equilibration times were infinitely 
slow this situation would equally lead to an electro- 
phoretic pattern with two peaks, representing 
monomer and dimer respectively. With more rapid 
equilibration, to obtain two peaks requires the 
existence of a trimer rather than a dimer; it is not 
possible at present to calculate the critical rate of 
equilibration at which trimer becomes necessary. 
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The possibility that the faster migrating component 
in electrophoresis may be a dimer of the slow com- 
ponent, and not of a higher order of polymerization, 
cannot therefore be ruled out on the basis of present 
evidence. It must be concluded that although the 
purified major component of f,-lactoglobulin shows 
a complex boundary on electrophoresis, this is due 
to polymerization in solution and not to the presence 
of other distinct proteins. If Gilbert’s hypothesis is 
accepted, the extent of polymerization must be at 
least three and representable by : monomer=dimer= 
polymer. Such a system is a single component in the 
phase-rule sense, and would be expected to show 
only a single component in phase-rule tests. 

The possibility that heterogeneity observed on 
electrophoresis or in the ultracentrifuge may not 
always indicate distinct proteins (though it does of 


; x 100. 
Total conen. 


course show the presence of different molecular 
species) means that much care is necessary in inter- 
preting reports on the ‘micro-heterogeneity’ of 
proteins. 


100 


80 


60 


Percentage of slow component 


20 





Concn. of protein (g./100 ml.) 


Fig. 9. Variation of percentage of slow component with 
protein concentration. O, Unfractionated ,-lacto- 
globulin; @, purified major component; (, major 
component enriched with minor. The theoretical curve for 
major component is shown by a full line, for unfraction- 
ated material by a broken line. 
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SUMMARY 


1. B,-Lactoglobulin has been examined for 
heterogeneity by the variable-solvent and constant- 
solvent solubility tests. 

2. Both tests indicate that £,-lactoglobulin 
contains two proteins, the minor accounting for 
about 10 % of the total. 

3. The theoretical basis of solubility tests and 
their application to salt fractionation are discussed. 

4, Fractionation of f,-lactoglobulin has produced 
the major component in a more nearly pure state. 

5. The behaviour of the major component on 
U-tube electrophoresis is discussed. 


I am indebted to Dr A. G. Ogston, F.R.S., who initiated 
this work and under whose guidance it was performed. The 
work was supported by a grant from the Agricultural 
Research Council. 
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Phospholipids containing inositol (phosphoino- 
sitides) are known to ocvur in a great variety of 


animal tissues such as ox brain (Folch, 1949), ox 


heart (Faure & Morelec-Coulon, 1954), liver 
(Macpherson & Lucas, 1947; McKibbin, 1956; 
Hawthorne & Hawthorne, 1955) and egg yolk 
(Malangeau, 1955; Dils & Hawthorne, 1956). 


Several recent observations emphasize the high 
turnover rate of the phosphoric acid component in 
the phosphoinositides of brain and pancreas 
(Dawson, 1954; Hokin & Hokin, 1955a, b, 1956) as 
compared with the other phospholipids present. 
Also, certain drugs seem to influence the turnover of 
phospholipids at pharmacologically — significant 
concentrations (Magee, Berry & Rossiter, 1956; 
Ansell & Dohmen, 1956, 1957). 

It seems therefore that phosphoinositides may 
have biochemical functions of dynamic rather than 
structural importance. A study of the biosynthesis 
of phosphoinositides might contribute to a better 
understanding of their metabolic significance. 

The evidence is presented in this paper for the 
occurrence of free inositol monophosphate in liver ; 
this has already been reported as a preliminary com- 
munication (Hawthorne & Hiibscher, 1956). 





MATERIALS AND METHODS 


Paper chromatography. The solvent system propan-2-ol 
acetic acid—water (3:1:1, by vol.) was used for the separa- 
tion of ethanolamine, serine and amino acids (descending 
18 hr.), of choline (descending 6 hr.) and of inositol and 
glycerol (descending 11 hr.). For the separation of inositol 
and glycerol, n-butanol-ethanol—-water (4:1-9:9, by vol.; 
ascending 16 hr.; Hough, 1950) was also used. 

The chromatograms were either sprayed with the nin- 
hydrin reagent for the detection of ethanolamine, serine and 
amino acids, or according to the method of Chargaff, Levine 
& Green (1948) for the detection of choline. Inositol, 
glycerol and sugars were detected by dipping the chromato- 
grams according to the method of Trevelyan, Procter & 
Harrison (1950). The solutions for dipping the chromato- 
grams were prepared as follows. Solution 1: 0-1 ml. of 
saturated aq. AgNO, soln. was added to 20 ml. of acetone. 
Water was added with constant stirring until all the pre- 
cipitate had just redissolved. Solution 2: saturated aq. 
NaOH soln. was diluted with 50 vol. of ethanol. The papers 
were dipped in solution 1, allowed to dry, and then dipped in 
solution 2. Inositol, glycerol and sugars showed up as 
dark-brown spots on a yellow background. 

The phosphoric acid esters were separated by paper 
chromatography in the above propan-2-ol-acetic acid 
solvent and also in propan-l-ol-aq. NH, soln.—water 





524 G. HUBSCHER AND J. N. HAWTHORNE 1957 


(6:3:1, by vol.). The papers were sprayed by the method of 
Wade & Morgan (1953). 

Determination of inositol. Inositol was determined 
according to the method of B6hm & Richarz (1954) slightly 
modified as follows. Inositol, separated chromatographic- 
ally on paper, was eluted and oxidized with an excess of 
H1O,. The unused HIO, was determined in phosphate 
buffer, pH 7-4, with Na,S,O,. The theoretical uptake is 
6 moles of H1O,/mole of inositol. Under the experimental 
conditions described below the uptake of HIO, was 96- 
98 % of theory. 

A volume (2 ml.) of 0-01M-periodic acid was added to 
15 ml. of water containing up to 300g. of inositol. The 
mixture was kept in a glass-stoppered vessel for 2-5 hr. at 
50°. After incubation, 2 ml. of phosphate buffer [12% 
(w/v) Na,HPO, in 0-2n-H,SO,] and 2 ml. of the iodide 
reagent [5% (w/v) K1 in a half-saturated aq. NaClsoln.] were 
added. The liberated iodine was titrated with 0-005N- 
Na,S,0,. The accuracy of this method was+3%. 

For the determination of esterified inositol alone or in 
impure fractions the sample was hydrolysed in 5-8 N-HC] in 
a sealed tube at 110° for 20 hr. The phosphate esters of 
inositol are very stable and these conditions were necessary 
to ensure complete hydrolysis. A sample of the hydrolysate 
was analysed for orthophosphate. Other samples containing 
about 1 zmole of P were applied to paper chromatograms 
together with an inositol marker. After development of the 
chromatogram, the areas corresponding to the marker were 
cut into small pieces and eluted four times with 4 ml. 
portions of water. Then HIO, was added and the determina- 
tion was performed as described above. For comparison, a 
known amount of inositol and pure inositol monophosphate 
were taken through the same procedure. The latter was 
prepared from phytate and purified by means of an ion- 
exchange resin (unpublished observations). 

Extraction of the acid-soluble phosphates from liver and 
other tissues. The liver or other tissues were removed from 
the rats and guinea pigs as soon as possible after death and 
homogenized immediately. The ox tissues were obtained 
immediately after slaughtering and kept in ice during 
transport. They were treated as described below within 1 hr. 
from death. The organs were freed from large vessels and 
connective tissue, cut into small pieces and homogenized in 
10 vol. of 5% (w/v) trichloroacetic acid. The protein-free 
filtrate was treated with 0-1 vol. of 20% (w/v) lead acetate 
and this mixture was made just alkaline to phenolphthalein 
with 5n-NaOH. The heavy white precipitate was collected 
by centrifuging and decomposed with H,S. To 11. of the 
clear, slightly yellow filtrate, freed from excess of H,S by 
aeration, 25 ml. of 2M-barium acetate was added and the pH 
adjusted to 8 with 5n-NaOH. The mixture was kept at 0° 
for 2hr. The precipitate, which contained most of the 
inorganic phosphate and some of the organic phosphates, 
was filtered off and the filtrate was again treated with lead 
acetate, followed by decomposition of the precipitated lead 
salts with H,S. The solution obtained after filtering off the 
lead sulphide was aerated free from excess of H,S, neutral- 
ized (final pH, 7-5) and kept at 0°. It was used as starting 
material for further purification on ion-exchange resins. : 

It was later found that the starting material was con- 
taminated with peptides. For this reason the solution was 
stirred with charcoal (2 g./l. of solution) for 10 min. and 
filtered before applying to ion-exchange columns. The 
charcoal was previously boiled in 6N-HCl and washed with 


water until free from phosphate. Inositol monophosphate is 
not adsorbed on charcoal. 

Ion-exchange resins. The ion-exchange resins used in this 
investigation were Deacidite FF (—16 +50 mesh, formate 
form; column size 1 em. x 10 cm.; rate of flow 5 ml./min.), 
Zeo-Karb 225 ( — 16 +50 mesh, formate form; 2cm. x 30cm. 
rate of flow 5 ml./min.) and Nalcite SAR ( —80 +200 mesh, 
formate form; column size 1 cm. x 12 cm.; the rate of flow 
did not exceed 1 ml./min.). In large-scale preparative work, 
columns of the Nalcite SAR resin with dimensions of 
2-5 cm. x 23 cm. were used. The anion-exchange resins were 
washed with 3Nn-HCl until free from material with an 
absorption at 260 my and then with 3N-ammonium formate 
until free from chloride. The excess of ammonium formate 
was removed by washing with water. All water used was 
freed from ions by passage down a mixed-bed resin column 
(Biodeminrolit, The Permutit Co. Ltd., London, W. 4). 

After loading, the columns were washed with 200- 
500 ml. of water. For elution, two different systems were 
used. The first consisted of mixtures of formic acid and 
ammonium formate and the second of mixtures of sodium 
borate and ammonium formate (Khym & Cohn, 1954). 
Fractions (25 ml.) were collected and samples were analysed 
for phosphate. 

Phosphate determinations. These were done according to 
the method of King (1932). 

Borate. This was detected by the mannitol—bromothymol- 
blue test (Vogel, 1942). The sample was almost neutralized 
by adding acid or alkali until the indicator turned green. 
One drop of a 50 % (w/v) solution of mannitol was added. If 
borate was present a yellow coloration was obtained, i.e. the 
pH decreased owing to the complexing of the very weak 
boric acid with mannitol to give a relatively strong acid. 
Under these conditions 0-001 yg. of boron can be detected in 
0-03 ml. of solution. 

Microanalytical determinations. These were performed by 
the Mikroanalytische Laboratorium, Bonn, Germany. 

Inositol monophosphate. This was prepared from phytate 
as described by McCormick & Carter (1952). 

Acid phosphomonoesterase. For the purification of this 
enzyme from prostate gland the procedure of Markham & 
Smith (1952) was followed. The assay system consisted of 
0-78 ml. of 0-1N-acetate buffer, pH 5-2, 0-02 ml. of enzyme 
and 0:2 ml. of a solution containing 1-5-3-0 moles of 
phosphoric acid esters; it was incubated at 37°. Samples 
were withdrawn at intervals of 10 min. and analysed for 
inorganic phosphate. 





RESULTS 
Separation on ion-exchange resins 


From several anion-exchange resins tested Nalcite 
SAR was chosen because it gave the best separation 
and reproducible results. The separation of inositol 
mono- and di-phosphate, glycerophosphate, in- 
organic phosphate, glycerylphosphorylinositol and 
glycerylphosphorylserine was investigated pre- 
viously (Hawthorne & Hiibscher, unpublished 
work). 


In Fig. 1 a diagram of a typical separation of the 
acid-soluble phosphates is shown. For elution, the 
formic acid—-ammonium formate system was used. 
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Peak B represents inorganic phosphate. Of all 
other fractions analysed only peaks A and D con- 
tained inositol. The amount of inositol present in 
these two fractions was appreciable. The presence of 
free inositol can be excluded since 100mg. of 
inositol was quantitatively removed from the 
column by washing it with 200 ml. of water. Free 
inositol would therefore pass right through the 
column when it was loaded and washed. The posi- 
tions of these peaks, which were eluted with 
0-01N-formic acid—0-03N-ammonium formate and 
with 0-1N-formic acid—0-5N-ammonium formate 
respectively, correspond to those of inositol mono- 
and di-phosphates prepared from phytate. A 
determination of the molar ratio of inositol to 
phosphoric acid in the pooled fractions of peak A, 
however, gave low values. The inositol : phosphoric 
acid ratio usually varied between 0-1:1-0 and 
0-2:1-0. Small amounts of serine, ethanolamine and 
glycerol were present in this fraction. Amino acids 
also occurred if the charcoal treatment of the 
starting material was omitted. The amino acids 
probably originated from a contaminating small 
polypeptide which could be removed from fraction 
A by stirring it with activated charcoal. The total 
phosphate content of fraction A was not altered by 
this procedure. 

All attempts to separate the different compounds 
constituting peak A by re-application to the same 
resin, either ammonium formate or formic acid being 
used for elution, failed. The sodium borate— 
ammonium formate system (Khym & Cohn, 1954) 
was, however, very effective in this respect. 

Fig. 2 gives an example of the separation of the 
compounds constituting peak A. In this diagram 
peaks 1-3 consist of pure inositol monophosphate, 
glycerophosphate and inorganic phosphate re- 
spectively. The position of these peaks corresponds 
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Fig. 1. Separation of the acid-soluble phosphates of liver. 
The ion-exchange resin used was Nalcite SAR (-80 
+200 mesh, formate form); size of column was 1 cm. x 
12 cm.; rate of flow approx. 1 ml./min. Before elution the 
column was washed with 250 ml. of water. Fractions 
(25 ml.) were collected. Peak B represents inorganic P. 
Esterified inositol was present in peaks A and E only. 
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exactly with those of authentic inositol mono- 
phosphate, f-glycerophosphate and of inorganic 
phosphate, as can be seen from Fig. 3. Peak 2 was 
shown to contain only glycerophosphate. Since the 
naturally occurring compound has the « configura- 
tion, it must be assumed that the « and £ isomers do 
not separate under the conditions used. Peaks 4-6 
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Fig. 2. Separation of fraction A. Conditions were as in 
Fig. 1. Eluted with the sodium borate-ammonium 
formate system. Fractions (25 ml.) were collected. 
Peak 1 represents inositol monophosphate, peak 2 
glycerophosphate, peak 3 inorganic phosphate, peaks 4 
and 5 unknown phosphates. Peak 6 contains small 
amounts of serine and ethanolamine. Actual values for 
the broken portion of peak 6, which is notto scale, are (left 
to right) 1375, 9850 and 1875 yg. of P/50 ml. of fraction. 
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Fig. 3. Separation of inositol monophosphate, glycero- 
phosphate and inorganic phosphate. Conditions were as 
in Fig. 1 except for the size of the column, which was 
8 cm. x 1 cm. Inositol monophosphoric acid (46 wmoles), 
88 pmoles of B-glycerophosphoric acid and 100 umoles of 
phosphoric acid were applied and eluted with the sodium 
borate-ammonium formate system. Fractions (20 ml.) 
were collected. Peaks a, b and c consist of inositol mono- 
phosphate, glycerophosphate and inorganic phosphate 
respectively. 
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did not contain any inositol or glycerol. In peak 6 
small amounts of serine and ethanolamine were 
found ; each of them corresponds, on a molar basis, 
to about 10 % of the total phosphate present in this 
fraction. No further investigations were made to 
elucidate the nature of the compounds in peaks 4—6, 
but peak 6 still represents a mixture of several 
compounds. 


Identification and characterization of 
inositol monophosphate 

The pooled fractions of peak 1 were applied to 
a Deacidite FF column, borate ions were removed 
with 200 ml. of 0-5N-formic acid and inositol mono- 
phosphate (or the other phosphate esters present in 
peak 2 and peaks 4—6) with 200 ml. of 0-5N-formic 
acid—0-2N-ammonium formate. Finally the am- 
monium ions were removed by passing the solution 
through a Zeo-Karb 225 column (H* form) and the 
eluate was taken to dryness under low pressure at 
room temperature, the remaining formic acid thus 
being removed. The dry, hygroscopic material was 
taken up in about 2 ml. of water and the pH of this 
solution was adjusted to 7-5 with freshly prepared 
0-1N-Ba(OH),. The barium salt of inositol mono- 
phosphate was precipitated by addition of an equal 
volume of 95 % (v/v) ethanol. The barium salt was 
washed with 95% ethanol and ether, dried and 
reprecipitated several times from water. The re- 


J 


coveries were about 75 % of theory. 

The barium salt of inositol monophosphate was 
hydrolysed in 5-8n-HCl at 110° for 20hr. and 
analysed for its content of phosphate and inositol. 
In Table 1 the results of this and other analyses are 
compared with those obtained on pure inositol 
monophosphate prepared from phytate. 


Distribution in tissues 
Inositol monophosphate was found to be present 
in the liver of the rat, guinea pig and cow, in ox 
heart and ox brain. These were the only tissues 
examined. The inositol monophosphate was isolated 
from each by means of ion-exchange resins as 
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described above. Quantitative determinations were 
performed on ox liver only, the concentration of 
inositol monophosphate actually isolated being 
4-5 pmoles/100 g. of fresh tissue. This value is 
smaller than those obtained for phosphorylcholine 
in various tissues (Dawson, 1955), but the true 
concentration of the inositol compound in liver will 
be somewhat higher than the value quoted. 


Properties of inositol monophosphate 


As would be expected from the complete satura- 
tion of the carbon ring in inositol monophosphate, 
no absorption was observed over a range 400- 
220 mp except for slight end-absorption between 
220 and 230 muy. 

Inositol monophosphate was hydrolysed very 
slowly by the acid phosphatase from prostate gland. 
Under identical experimental conditions, phos- 
phoric acid was liberated from inositol monophos- 
phate at only about 1 % of the rate of hydrolysis of 
glycerophosphate. This is surprising since phenyl 
phosphate and glycerophosphate are both suitable 
substrates for this not very specific enzyme. 

Pure preparations of inositol monophosphate 
from liver or phytate applied to paper chromato- 
grams gave R, values which were in good agree- 
ment. This was found for the two solvent systems 
described. Though Desjobert & Petek (1956) 
described several solvent systems for the separation 
of phosphoric esters of inositol, it seems from our 
experiments that the identification of inositol 
monophosphate in mixtures of other phosphate 
esters by means of paper chromatography may 
easily lead to erroneous results owing to the presence 
of other compounds with similar low R, values. 


DISCUSSION 
The phosphoinositides of liver (McKibbin, 1956) 
and also of heart are known to have a structure 
very similar to that of phosphatidyl-choline, 
-ethanolamine and -serine, the molar ratios of fatty 
acid: glycerol: P:inositol being 2:1:1:1. It seems 


Table 1. Analyses of barium inositol monophosphate from various sources 


Inositol 
Compound (%) 
Inositol monophosphate 41-1 
from liver 
Inositol monophosphate 41-2 
from phosphoinositides* 
Inositol monophosphate 42-0 
from phytate 
Theoretical for 
C,H,,0,PBa, 1-5H,O 42-7 


x C H Molar ratio 
(%) (%) (%) P: inositol 
7-4 17-0 3-2 1:0-95 
7-4 —_ _— Isl 
7-4 17-0 3-0 1:0-98 
7°35 17-06 3°29 1 


* These values are taken from McKibbin (1956). The inositol monophosphate was prepared from a highly purified 


phosphoinositide. 
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possible therefore that inositol monophosphate in 
liver and heart tissues may be either a breakdown 
product of this phospholipid or a precursor in its 
biosynthesis. Brain diphosphoinositide, on the 
other hand, has a somewhat more complex struc- 
ture, based on inositol diphosphate (Folch, 1949). 
Sloane-Stanley (1953) and Rodnight (1956) claimed 
that inositol monophosphate was liberated from 
diphosphoinositide by the action of an enzyme 
present in brain and other tissues, though the 
monophosphate was not actually isolated in their 
experiments. 

The work of Dawson (1954) and of Hokin & 
Hokin (1955a, b, 1956) regarding the high turnover 
of the phosphoric acid component in phosphoino- 
sitides, and the fact that phosphorylcholine is 
known to be a precursor in the biosynthesis of 
lecithin (Kennedy & Weiss, 1956), suggest that 
inositol monophosphate may play a similar role in 
the biosynthesis of phosphoinositides. Evidence 
was recently obtained in this laboratory that an 
enzyme catalysing the formation of inositol mono- 
phosphate from inositol and adenosine triphosphate 
is present in extracts of rat liver (unpublished 
observations). 

From the behaviour of inositol monophosphate 
from liver or phytate on ion-exchange resins, no 
conclusion can be drawn as to which position of the 
the inositol ring is esterified with phosphoric acid. 
Theoretically it should be possible to separate the 
isomers of inositol monophosphate on a resin 
column in the presence of borate, since the ease of 
formation of borate complexes will vary with the 
position of the phosphate group. Attempts to 
resolve the inositol monophosphate from phytate by 
this method have not been successful. This suggests 
that the phosphatase of brain used in its preparation 
produces only one isomer of inositol monophosphate. 
Earlier observations (Hawthorne, 1955) suggest 
that it is the 2-phosphate. The inositol monophos- 
phate from liver behaves identically on borate-resin 
columns and so could be the 2-phosphate also. 
Without further. evidence, particularly on the 
column behaviour of inositol phosphates other than 
the 2-compound, this must remain an open question. 

The analytical values for the barium salt do not 
correspond with those of the anhydrous compound 
usually quoted. A barium salt with 1-5 moles of 
water of crystallization agrees best with the results. 
These also correspond closely with the inositol and P 
figures quoted by McKibbin (1956) for the barium 
salt of inositol monophosphate liberated on alkaline 
hydrolysis of liver monophosphoinositide. 


SUMMARY 


1. Free inositol monophosphate has been isolated 
from liver. The pure compound has been identified 
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by analysis and by comparison with inositol mono- 
phosphate prepared from phytate. 

2. Inositol monophosphate is present in ox 
heart, ox brain and in the liver of various animals. 

3. In ox liver the concentration of inositol mono- 
phosphate is at least 4-5ymoles/100g. of wet 
tissue. 

4. The possible biochemical significance of 
inositol monophosphate is discussed. 
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